Algorithmica (2000) 26: 313-344 . .
DOI: 10.10075004539910016 Algorlthmlca

© 2000 Springer-Verlag New York Inc.

Parts Feeding on a Conveyor with a One Joint Robdt
S. AkellaZ W. H. Huang? K. M. Lynch,2 and M. T. Masof

Abstract.  This paper explores a method of manipulating a planar rigid part on a conveyor belt using a
robot with just one joint. This approach has the potential of offering a simple and flexible method for feeding
parts in industrial automation applications. In this paper we develop a model of this system and of a variation
which requires no sensing. We have been able to characterize these systems and to prove that they can serve as
parts feeding devices for planar polygonal parts. We present the planners for these systems and describe our
implementations.
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feeding.

1. Introduction. The most straightforward approach to planar manipulation is to use
a rigid grasp and a robot with at least three joints, corresponding to the three motion
freedoms of a planar rigid part, but three joints are not really necessary to manipulate
a part in the plane. In this paper we achieve effective control of all three planar motion
freedoms using a one joint robot working over a constant speed conveyor belt.

A central issue in this work is to develop a precise notion of “effective control” that
is suited to the parts feeding application. Our robot cannot impart arbitrary motions to a
part on the conveyor, but it does have a set of actions sufficient to position and orient a
wide class of shapes. To make this precise we definéetrging property

A system has th&eeding propertyver a set of part® and set of initial configura-
tionsZ if, given any part inP, there is some output configuratignsuch that the
system can move the partgdrom any location irZ.

One of the goals of this paper is to demonstrate that a one joint robot can possess this
property over a useful set of initial configurations and a broad class of part shapes. (We
note that this definition of the feeding property can be generalized by considtaieg
instead of configurations. We can also defirtachastideeding property.)

The key to our approach is to use a single revolute joint to push the parts around
on a constant speed conveyor belt. This approach, which we refer to as “1JOC” (one-
joint-over-conveyor, pronounced “one jock”) was initially conceived as a variation on
the Adept Flex Feeder (see Figure 1). The Flex Feeder uses a system of conveyors
to recirculate parts, presenting them with random orientation to a camera and robotic
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Fig. 1. The Adept Flex Feeder system. A SCARA robot picks parts off the middle of three conveyors. These
three conveyors, along with an elevator bucket, circulate parts; an overhead camera looks down on the back-lit
middle conveyor to determine the position and orientation of parts.

manipulator. Those parts that are in a graspable configuration may then be picked up by
the robot and assembled into a product, placed in a pallet, or otherwise processed.

The question addressed in this paper is whether, at least in parts feeding applications,
we can replace the SCARA robot with a simpler and more flexible robot, and also
replace the Flex Feeder’s servoed programmable conveyor with a fixed speed conveyor.
Figures 2 and 3 show a possible variation on the Flex Feeder, where the SCARA robot
has been replaced by a fence with a single revolute joint. By a sequence of pushing
operations, punctuated by drift along the conveyor, the fence positions and orients a part
and directs it into the entry point of a feeder track which carries the part to the next
station.
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Fig. 2. The Flex Feeder with a rotatable fence.
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Fig. 3. We can feed a part by alternately pushing it with the fence and letting it drift along the conveyor.

There are many variations on this basic idea: a 2JOC, multiple 1JOCs working in
parallel, curved fences, and so on. However, the purpose of this paper is an initial study
of the fundamental characteristics of the idea, so we will focus on the simplest version
as described above and in Figures 2 and 3. The main result for the 1JOC is:

It is possible to move an arbitrary polygon from a broad range of initial configura-
tions to a specific goal; and that goal can be chosen from a broad range of possible
goals. (This is a generalization of the feeding property.)

The 1JOC uses a camera to sense the part’s initial position. In the second half of
the paper, we study a variant called #ensorles4JOC that allows us to eliminate the
camera. The main result for the sensorless 1JOC is:

An arbitrary polygon can be moved from a broad range of initial configurations
to a single goal configuration (up to certain symmetries in the pushing mechanics)
without sensing.

The paper is organized as follows. After we review previous work and terminology
from nonlinear control theory, Section 2 develops a progression of models leading to the
1JOC. The feeding property for the 1JOC is proved in Section 3, and the planner and
the implementation are described in Sections 4 and 5. We then introduce the sensorless
1JOC in Section 6, and the planner and the implementation are described in Sections 7
and 8. Other possible variants are briefly discussed in Section 9.

1.1. Previous Work We previously reported portions of this work in [1] and [2]. Below
we discuss some related work on manipulation by pushing, parts feeding, underactuated
systems, and minimalism.

1.1.1. Manipulation by Pushing Our analysis of 1JOC is based on earlier work on the
mechanics of pushing by Mason [47], [50], Peshkin and Sanderson [55], Goyal et al.
[36], [37], Alexander and Maddocks [5], and Lynch and Mason [42], [43]. Pushing and
squeezing have been used to orient, position, or grasp parts [45], [22], [49], [56], [34],
[4] and to plan motions to “catch” an object by pushing it [23], [10].
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1.1.2. Parts Feeding Several parts feeding systems have already found success in
industry. Boothroyd et al. [18] describe several. Bowl feeders vibrate in such a way that
parts are forced to climb a narrow spiral track in single file. Along the spiral track is a
sequence of obstacles that either reject incorrect orientations or turn the part to the correct
orientation. Recent work focusing on automating the design of bowl feeders includes
that by Boothroyd [17], Berkowitz and Canny [13], Caine [25], and Christiansen et
al. [28].

In the SONY Advanced Parts Orienting System (APOS) [59] parts slide across a
vibrating tilted tray with an array of depressions. The depressions and the vibration
are designed so parts fall into and remain in the depressions if they are in the proper
orientation, but otherwise are ejected and slide off the tray. Brost [23] explored a closely
related idea, using configuration space to analyze the interactions of a part with a shape.
A gualitative analysis of the APOS process is provided by Krishnasamy et al. [38].

Parts orienting by an arrangement of fixed fences over a conveyor was explored by
Peshkin and Sanderson [56], and extended by Brokowski et al. [21] and Wiegley et
al. [65].

Bowl feeders, APOS, and fixed fences all work by forcing the part to interact with
shapes that are designed for the specific part. By contrast, 1JOC uses a generic shape
(the fence) with anotiondesigned for the specific part. Erdmann and Mason [33] used
a tilting tray as a generic shape, and computed part-specific motions. Christiansen [27]
applied machine learning to the tray tilting approach.

Another method using generic shapes and part-specific motions is to squeeze a part
with a parallel-jaw gripper. Goldberg [34] used a sequence of squeezing operations by
a parallel-jaw gripper to orient parts. See [64] for further analysis of orienting parts by
grasping and by fences.

Parts supported by a vibrating plate can be oriented by controlling the vibration [16],
[62]. Bohringer et al. [15] are also studying the use of a planar array of micromanipulators
to orient parts supported by the array.

1.1.3. Underactuated SystemsThe 1JOC is an underactuated system with a drift field.
Such systems have been studied in nonlinear control theory; see, for instance, [20] and
[29]. For an introduction to nonlinear control see [53].

The 1JOC can be likened to an underactuated manipulator in a gravity field, where the
proximal “shoulder” (fence pivot) is directly actuated, but the distal degrees of freedom
(the object) are not. Research on the controllability of such serial link manipulators has
been carried out by Oriolo and Nakamura [54], Arai et al. [8], [9], [6], and Bergerman
et al. [12]. Sgrdalen et al. [60] recently developed a nonholonomic gear which allowed
them to construct a controllabielink planar arm with only two motors.

Some other notable systems are the batfumggling robots described byuiler et
al. [24], [58], which control the motion of a ball or puck bouncing on an actuated beam
or paddle. A comparison of 1JOC and batting robots has prompted the observation that
1JOC juggles very slowly by using a conveyor instead of gravity.

Arai and Khatib [7] used a paddle held by a PUMA robot to demonstrate rolling of
an object on the paddle. More recently, Lynch and Mason [44] explored dynamic tasks
such as snatching, rolling, throwing, and catching using a single degree-of-freedom arm
working in the vertical plane.
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Brock [19] took advantage of gravity and contact with other objects to reorient objects
within the hand using controlled slip. Rao et al. [57] used pivoting between fingers of a
robot hand in order to control more degrees of freedom. By rolling an object between
two parallel palms, Bicchi and Sorrentino [14] showed that the spatial position and
orientation of the object can be controlled by as few as three motors.

Manikonda and Krishnaprasad [46] studied controlling the position and orientation
of a hovercraft with a single thruster, a situation closely related to manipulating a planar
object, except our “thrusters” are unilateral frictional contacts.

1.1.4. Minimalism Much of the work reported above shares a common interest in
minimalism: exploring the capabilities of systems with fewer sensors, fewer motors,
or limitations in computation or communication [15]. Donald et al. [30] have begun to
develop a theory of information invariants to compare the information content embedded
in various subsystems, such as sensing, actuation, computation, and communication.
Erdmann [32] proposed that the true test of a sensor is whether it gives information
that allows the system to proceed toward the gBabgress conedound the set of
directions that move toward the goal, and these progress cones can be used to design the
simplest effective sensors. Canny and Goldberg [26] argue that RISC (reduced intricacy
in sensing and control) robotics using simple devices results in cheaper, more flexible
systems. McGeer’s walking machines [51], [52] are dramatic examples of minimalism;
a stable walking gait is obtained without sensors, actuators, or computation.

1JOC may be viewed as a minimalist system in two respects. Besides using very
few effectors, it does not use grasping. Much of the work reported above also exploits
graspless ononprehensilananipulation. Other examples include sliding and rolling
manipulation with two flat “palms” [31], [66] or with the surfaces of a multibody ma-
nipulator [63].

1.2. Terminology The central issue of this paper is showing whether the 1JOC—
an underactuated system—is “rich” enough to serve as a parts feeder. To characterize
the system precisely, we borrow definitions of reachable sets from nonlinear control
theory [61].

A part’s configuratiorg = (X, y, )" is controllable fromq if, starting fromq, the
part can reach every configuration in the configuration space. The paritillable to
g if q is reachable from every configuration. The parésessible frong if the set of
configurations reachable froqnhas nonempty interior in the configuration space.

We can also define local versions of these properties. The gantl-time accessible
fromqif, for any neighborhootll of g, the set of reachable configurations without leaving
U has nonempty interior. The partssnall-time locally controllable frong if, for any
neighborhoodJ of g, the set of reachable configurations without leavihgontains a
neighborhood of.

The phrases “frong” and “to q” can be eliminated in these definitions if they apply
to the entire configuration space.

In these terms, if the configuration of the part is accessible, we know that the 1JOC has
“enough” degrees of freedom—it can transfer the part from the initial configuration to a
three-dimensional subset of the configuration space. Better yet, if the partis controllable,
the 1JOC can transfer the part from any configuration to any other configuration. Small-
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time local controllability, an even stronger condition, implies that the part can follow
any path arbitrarily closely. This is a useful property for repositioning parts under time
and workspace constraints.

Although controllability and small-time local controllability guarantee the ability to
feed parts, they are not absolutely necessary. The minimum we require of a parts feeding
system is the feeding property—the parts must be controllable to a single configuration
from a set of initial configurations.

2. A Progression of Models. The 1JOC approach arises from a desire to explore the
simplest mechanisms to accomplish a task. Planar parts have three degrees of freedom,
suggesting the use of a robot with three or more actuated joints. However we can easily
see that two controls suffice: a car (with only a steering wheel and accelerator) can be
arbitrarily positioned in the plane. In fact, a car can be arbitrarily positioned in the plane
even ifthe steering wheel has only two settings. Each setting of the steering wheel defines
a rotation center of the car. By driving appropriate distances alternating between the two
rotation centers, the car can be driven to any location in the plane.

These two rotation centers move with the car. To see thafikedrotation centers
suffice to produce arbitrary motions of the plane, adopt the car’s viewpoint. From the
car's point of view, the two rotation centers are fixed, and the wheels drive the plane
around. Thus it is apparent that two fixed rotation centers can arbitrarily position a part
in the plane.

Inthis section we start from this basic idea of using fixed rotation centers to manipulate
a part in the plane and develop a progression of models which lead to the 1JOC model.
These idealized models provide some insight into the capabilities of simple robotic
manipulators.

2.1. One Rotation Center First we consider an idealization of a rotating fence. We
envision an infinite turntable to which the part can be affixed. This turntable can give the
part an arbitrary angular velocity about its pivot (rotation center).

From any initial point in the part configuration space, the reachable set is one-
dimensional. If we consider the full pushing mechanics for a rotating fence, the reachable
setis still just one-dimensional. If the fence can swing all the way around and push in the
opposite direction, the part's configuration may be accessible, but we will not consider
this case further.

2.2. Two Rotation Centers Now consider a pair of overlapping (yet independent) ideal
turntables. At any given instant, the part is affixed to one of the two turntables and rotates
about the center of that turntable. We assume that we can instantaneously switch the part
from one turntable to the other.

There are two cases to consider:

e Both turntables are bidirectional. If each turntable can be driven in either forward or
reverse, the situation is similar to driving a car with two different steering angles. It
is well known that this system is small-time locally controllable and can approximate
an arbitrary trajectory as closely as desired.
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e One or both turntables are unidirectional. Now the situation is analogous to a car
without reverse. The system is controllable, but not small-time locally controllable. It
may be necessary to take a large excursion to accomplish a small motion.

We can model the conveyor as the limiting case of a turntable whose pivot approaches
infinity. As above, the system is small-time locally controllable if both the turntable and
conveyor are bidirectional, and it is simply controllable if either or both is unidirectional.

For this simple system, we can study controllability by considering the vector fields
X1 and X; corresponding to the conveyor and the turntable:

1) X1 = (0,1,07,
) Xo = (=y,x, DT,

When the part tracks the conveyor, the part motion is giveipsyv X1, wherev is the ve-

locity of the conveyor in thg direction. When the parttracks the turntable, the part motion

is given bygq = w Xy, wherew is the angular velocity of the turntable and the origin is at

the center of the turntable. The Lie brack¥t[ X;] of these two vector fields is given by
Xz Xy

P2y, — 0ty
ag ' aq ?

0 -1 0\ /0 0

=11 0 0)J|1]-10

0 0 0/ \O 0
-1
=1 O
0

3) [X1, Xo] =

The new vector field X1, X3] is linearly independent oK; and X», yielding a third
controlled freedom (provided bottandw can be nonzero). The system therefore satisfies
the Lie Algebra Rank Condition, and it is small-time accessible. If both the conveyor
and the turntable are bidirectional (batlandw can be positive or negative), the system

is also small-time locally controllable [53]. If either or both is unidirectional, the system
is not small-time locally controllable, but it can be shown to be controllable by a simple
constructive argument [43].

The 1JOC system consisting of a conveyor and a rotating fence resembles the system
above with a unidirectional conveyor. One difference is that rotating the part about the
pivot is only practical on a subset of the configuration space, specifically when an edge
of the part is aligned with the fence.

2.3. Detailed Pushing Model We now add pushing mechanics to the model. We as-
sume that the friction coefficient at the pushing contact and the distribution of support
forces are known, and we place no restriction on the fence motions. Although this model
makes unrealistic assumptions about the available information, any negative results will
also apply to less detailed models.

Figure 4 shows that the system is not small-time locally controllable for the case of
a thin rod. If the fence pushes from below, the rod’s angular velocity is positive. If the
fence swings around and pushes the part from above, the angular velocity is still positive.
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Fig. 4. The thin rod is not small-time locally controllable from this configuration—regardless of whether the
fence pushes the rod from above or below, the resulting force can produce only positive torque.

There is no maneuver combining these actions and conveyor drift that can locally achieve
negative rotations.

2.4, Practical Pushing Models The detailed pushing model is difficult to use because

it requires full knowledge of the pressure distribution. We can define more abstract

models by restricting the allowable actions. In particular, we would like to use actions

with predictable outcomes that do not impose unrealistic demands for information.
Any abstraction of the detailed pushing model will inherit its limitations, thus it is

immediately clear that small-time local controllability is impossible.

3. The 1JOC. In this section we focus on a particular model for the 1JOC and prove
that it can transfer any polygonal part from any initial configuration (sufficiently far
from the edges of the conveyor) to a single goal configuration. To prove this property,
we identify a subset of the actions available to the 1JOC and show that they are sufficient
to demonstrate the feeding property.

3.1. The1JOC Model The conveyor is the half-plane > 0, with a constant drift
velocity v in the —y direction. The fence is a line that pivots about a fixed point on the
line. The origin of a fixed world framé-,, coincides with the pivot point. The fence
angled is measured with respect to tkeaxis of 7,,, and its angular velocity is given by
w. The fence angular velocity is our single control input.

The part can be any polygon, but because the manipulator is a line, we need only
consider its convex hull. The center of mass of the part lies in the interior of the convex
hull and is at a known location. We assume that the support pressure distribution is
unknown and that Coulomb friction applies to the contact between polygon and conveyor,
with a uniform coefficient of friction. Theenter of frictionis therefore coincident with
the center of mass. When we refer to a “part” in the rest of the paper, we assume these
properties. For the 1JOC, we also assume the coefficient of friction between the fence
and the part is nonzero.

The analysis relies on the definitions cdtable edgend ametastable edgé\n edge
of a polygon is astable edgéf the perpendicular projection of the center of friction to
the edge is in the interior of the edge segment. An edge of a polygomistastable
edgeif the center of friction projects to an endpoint of the edge.

We assume quasistatic mechanics—as the fence pushes the part over the conveyor,
the motion of the part in the world franig, is sufficiently slow that inertial forces are
negligible compared with the frictional forces. The support friction acting on the part
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Conveyor
velocity

J

Fig. 5. Notation.

during pushing is determined by the motion of the part relative to the conveyor, not the
world framerF,,.

It is convenient to represent the linear and angular velocity of the part relative to the
conveyor in a frameF,, attached to the center of friction of the part. A velocity direction
is simply a unit velocity vector. Velocity directions may also be represented as rotation
centers in the framg,.

The configuration of the part frang&, in the world frameF,, is given by(x, y, ) €
M2 x St. When an edge of the part is aligned with the fence, the contact nadefines
the distance from the fence’s pivot point to the closest point on the edgedttiact
vertey, and the configuration of the part can be given in the polar coordifratés The
location of the point at on the fence igry, ry) in the world frame. See Figure 5.

3.2. LJOC Primitives We now describe the basic 1JOC primitives (illustrated in Fig-
ure 6) which yield the feeding property. The starting point for these primitives is with the
fence held at O degrees (perpendicular to the conveyor velocity) with the part in stable
contact with the fence.

3.2.1. Stable Pushes A stable push occurs when one edge of the part is aligned with
the fence and frictional forces keeps the part fixed against it. The simplest example of

Stable Push Turn
Lz

Jogs Convergent Turn
t/ L Lo

Fig. 6. Step by step illustrations of the 1JOC primitives.

LJ\%VLQ_
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a stable push occurs when the fence is held at O degrees, and a part on the conveyor
drifts into contact and comes to rest on the fence. When the part is at rest, the fence is
executing a stable push.

Of course, a stable push may also occur while the fence is rotating. Lynch and Mason
[42] described the procedurer&LE that finds a conservative set of stable pushing
directionsVsapie fOr a given pushing edge, pushing friction coefficient, and center of
friction of the part. This set of pushing directions is fixed in the part fréfpel he fence
is guaranteed to execute a stable push if the edge is aligned with the fence and the motion
of the fence and the conveyor combine to yield a rotation centgipe See Figure 7
for details.

For simplicity, we only consider the edges of the part that yield a stable push while
the fence is held at 0 degrees (the pushing direction is a translation normal to the edge).
The existence of these stable edges is indicated by the following lemma [42]:

LEmMMA 1. All polygonal parts have at least one stable edge a stable edgghe nor-
mal translational pushing directigalong with a neighborhood of this pushing directjon
belongs toVsanie (because friction is nonzeyo

REMARK. We avoid metastable edges by slightly perturbing the fence (after the part
comes to rest on such an edge) to bring the part to a stable edge.

If the contact radius is sufficiently large, the fence pivot will be inside the set of
stable rotation centeléaniefixed in the part frameF,. If the fence angular velocity is
large enough relative to the conveyor veloaityhe combined pushing motion is nearly a
pure rotation about the pivot, and the pushing motion is stable. Therefore, itis possible to
stably push the part from amy to any6; in a counterclockwise (CCW) direction, where
—/2 < 0y < 61 < /2. Figure 8 illustrates a method for finding th@nimum stable
radius the minimum contact radiussuch that the push is stable for all fence angles in
the range {7 /2, /2] for a given fence angular velocity and conveyor velocity.

There are two other types of stable pushes that are possible but which will not be used
in this paper: (1) The fence rotates CCW, but the fence pivot is Ndkipe Such a push
is stable if the rotation center remainsigapeduring the push. The fact th#apieis @
conservative approximation to the set of stable pushing directions may also help. (2) The
fence rotates clockwise (CW). This type of push may be stable if the magnitude of the
fence angular velocity is small enough with respect to the conveyor velocity.

3.2.2. Jogs Jogs are simple maneuvers that allow us to change the contact radius
from the fence pivot to the part without changing the stable resting edge.

LEMMA 2. A partresting on a stable edge can be moved from any initial contact radius
r on the fence to any desired r in the ran@® co) by a series of jogs

ProOF From Lemma 1, we use the fact that a neighborhood of pushing directions
about the normal translation direction is stable for a stable edge. In fact, there is a range
[e™n, oM of fixed fence angles about 0 degrees that are also stable. The fence does not
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stuble 3

Fence pivot -j

For a given edge contact, we can determibg@pie the set of pushing rotation centers that keep the part
fixed to the pusher. Note th¥kapieis fixed in the part frame, not the world frame.

net velocity

o

net COR

translation COR
at infinity

The conveyor velocity and the rotational velocity about the fence pivot combine to form a net
velocity (relative to the conveyor) at each point. This can be expressed as a net center of rotation
(COR), which lies on the line through the fence pivot and perpendicular to the conveyor velocity.

v/
:<—>.: me/’/e‘
i :

(net COR

Provided the net COR is contained)igiaple the part will remain stationary with respect to the fence
for that combination of conveyor and fence velocities. Note that as the fence rotates, the conveyor

velocity changes direction with respect to the part, and the net COR in the part frame rotates about the
fence pivot at a radius af/w.

Fig. 7. Determining the stability of a push.

have to be motionless to execute a stable push, however; if the fence angular velscity
small enough with respect to the conveyor veloeitthen the fence can execute a stable

push while moving in the angle rang&'[", ™29, regardless of the contact radius
To decrease the contact radiyghe fence is raised to an anglé (6™ > 6+ > 0),

keeping the part fixed to the fence by a stable push. The fence then drops to 0 degrees,
immediately releasing the part. The part drifts back into contact with the fence and settles
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Vi )

N

min. stable radius

Fig. 8. The locus of net CORs forms a semicircle about the fence pivot as the fence swingssr&hto /2.

Given a fence angular velocity and a conveyor velocity (which determine the radius of this semicircle),

we pick a minimum stable radius so that this semicircle lies completely withipie Recall thatVsiapleis

fixed with respect to the part, so increasing the contact radius moves the semicircle deepgginrtd his
conservative estimate of the minimum stable radius guarantees stable pushing in the CCW direction at any
fence angle infx/2, 7/2].

on the same stable edge. We assume there is no slip between the part and the fence. (The
no-slip assumption is important for open-loop feeding plans.) The result of the jog is to
decrease the contact radius frorfo r cosd™.

To increase the contact radiusthe fence is quickly lowered to an angle (/™" <
6~ < 0), releasing the part. The part drifts back into contact with the fence and settles
on the same stable edge. The fence is then raised to 0 degrees again, pushing the part
with a stable push. The contact radius of the part has changedadsd —.

A series of jogs, either increasing or decreasingan bring the part to anyin the
range(0, 0o). O

There are other possibilities for jogging a part which will not be considered in this
paper: (1) By moving the fence quickly, it may be possible to raise the fence to an angle
ot > 0™ in some cases allowing larger inward jog distances. Similarly, it may be
possible to obtain a larger outward jog by recontacting the part at an @ngte 6™n
(while the fence is moving). (2) If an edge is stable against a fixed fence in an angle range
that does notinclude 0 degrees, it may be jogged by a procedure similar to that above. In
these cases, however, the contact radican only be increased or decreased, not both.

A jog is directly analogous to the Lie bracket motion for the ideal turntable plus
conveyor system analyzed in Section 2.2. The difference from the ideal system is that
the part only tracks the fence when itis in stable contact. Nonetheless, we can now show:

THEOREM1. The configuration of a polygonal part in stable edge contact with a fence
held atO degrees is small-time accessible using stable pysbgs and conveyor drift

PrOOF  Given any neighborhood of the part configuration while it is in stable edge
contact with the fence at O degrees, it is possible to jog the part a nonzero distance in
both directions without leaving this neighborhood. The effect of the jog is to change the
x coordinate of the part configuration, exactly like the Lie bracket motion of Section 2.2.
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The other two vector fields of Section 2.2 can be obtained directly by conveyor drift and
stable pushes. O

We callZ the set of initial part configurations that drift to stable edge contact with the
fence at 0 degrees. From a stable edge contact, Theorem 1 indicates that the configuration
of the part is small-time accessible. Therefore, the configuration of the part is accessible
from the sefZ.

We still have not proven the feeding property. To get this property, we need the ability
to turn a part to a new stable edge.

3.2.3. Turns Turns allow us to change the edge of the part aligned with the fence,
subject to the constraint that the initial and final edges are both stable edges. A turn
consists of raising the fence to an angfe> 0 by executing a stable push; dropping the
fence to an anglé~ < 0, which releases the part; and reacquiring the part on the new
edge with a stable push, raising the fence back to 0 degrees. The final push commences
at the moment the new edge contacts the fence.

LEMMA 3. Any polygonal part has at most one stable edge from which it is impossible
to turn the part to the next CW stable edgxception:a part has two such stable edges
if they are the only stable edges and they are parallel to each.other

PrROOE The fence can execute a stable push to any angle lesstit®arand it can
reacquire the part with a stable push at any angle greaterthd8. This indicates that

it is possible to reach any final stable edge less th&@W of the initial edge. If the part

has two or more stable edges, there can only be one stable edge from which the next
CW stable edge is greater tharremoved. The exception is a part which has two stable
edges that are exactly removed from each other. O

There are a few important points to make about turns:

e The contact radius, for both the initial and final edges, must be large enough that
the pushing directions always remainliyapie JOgs may be used before the turn to
satisfy this condition.

o The quantityy™ — 0~ is determined by the part geometry, but the actual valués of
andd~ are not. To some extent, the contact radiwter the turn can be controlled
by the choice of these valuesdf — 9~ > /2, thenr can be changed to any value
in the rangg0, co) during the turn.

e This primitive requires precise knowledge of the conveyor's motion—the final stable
push must begin precisely when the new edge contacts the fence.

Consider the case where turning a part to a new stable edge requires raising the fence
tor/2— § and catching the part atr /2 + ¢, wheres ande are small positive values. It
may be necessary to move the part to a large contact radiaBre executing the turn
to ensure that the part remains completely on the conveysr Q) after the initial push.

3.2.4. Convergent Turns To perform a turn between two stable edges which are par-
allel, the fence would have to be raisedt¢2, pushing the part off the conveyor. To
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change the resting edge of such parts, we can introduce a convergent turn: raise the
fence tor /2 — §, allow the part to drift down, and begin pushing it again-at/2 + ¢.
Assuming no slip at the pushing contact, the part will converge to the new stable edge
as the fence is raised to 0 degrees. Convergent turns allow us to strengthen Lemma 3
to apply to all polygonal parts, with no exceptions. In this paper, the sole function of
convergent turns is to handle parts with only two stable edges which are parallel.

3.3. The Feeding Property Using the lemmas proven above, we can now demonstrate
the feeding property for the 1JOC.

THEOREMZ2. ThelJOC possesses the feeding property

o for all polygonal parts

o for the three-dimensional spadeof initial configurations such that the part initially
comes to rest on a stable edgempletely on the conveyagainst the fence fixed at
0 degreesand

e using only stable pushgegs, turns convergent turnsand conveyor drift

Furthermore the goal configuration can be chosen from a three-dimensional subset of
the configuration space

PrOOF If the part has a stable edge such that it cannot be turned to a new stable edge,
then this edge must be chosen as the goal edge. Otherwise, any stable edge can be chosen
as the goal edge. By Lemma 3 (strengthened by the convergent turn of Section 3.2.4),
this goal edge can be reached using turns. Once at the goal edge, the part can be jogged
to any contact radius in the rangg0, co) by Lemma 2), and the part is stable against

the fence for a range of fence angledy Lemma 1. The goal edge therefore allows

a two-dimensional set of final stable configurations of the part in(the) space. If

the fence is quickly lowered te-/2, releasing the part, this set drifts to a set of
reachable configurations with nonempty interior in the world configuration space. Any
configuration in this set can be chosen as the goal. O

If the application of the 1JOC is to feed parts into a feeder track, then the fence can be
rotatedr /2, pushing the part off the conveyor into the feeder track, instead of releasing
it to continue on the conveyor.

4. The 1JOC Planner. Theorem 2 establishes that for any polygonal part, there exists
a sequence of jogs and turns to feed it. In this section we describe how to find a sequence
of jogs and turns to feed a given part in the minimum amount of time.

We assume that we know the shape and center of friction of the part, the coefficient
of friction between the fence and part, and the conveyor velocity. For simplicity, we pick
the fence angular velocity to be one of three discrete vatugg; . (for stable pushes),
wdrop (When lowering the fence), and zero.

Although the 1JOC model of Section 3 assumes an infinite fence length and an infinite
conveyor half-plane, we can always find a finite dimension fence and conveyor to feed
a given part.
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A singulated part drifts down the conveyor until it comes to rest against the fence.
The feeding problem consists of getting the part from this start configuration to a goal
configuration, where the configurations are specified by the edge aligned with the fence,
and the contact radius (distance from pivot to the closest vertex of the resting edge). We
assume that the initial fence orientation is zero, and, for convenience, that the final fence
orientation is zero as well.

Turns rotate the part CCW so the new edge aligned with the fence is CW from
the initial edge. Turns may skip over one or more edges, so we must consider all CW
sequences of edges beginning with the start ed@ad ending at the goal edggthat
do not require rotating the part more than. For a sequence of edg8sa feasible plan
exists if there is a valid sequence of jogs and turns to move the part in sequence through
the edges irS and change the contact radius by the required amount. Of all feasible
plans, we select the one that requires minimum time.

4.1. A Simple Example Consider a part resting on edge(orientationy;) at radius

r; which is to be moved to the neighboring CW stable edlg@rientationgy) at radius

r« (Figure 9). Here the sequence of edgeSis (g, &}. Assumerj andry are greater

than the minimum stable radii for the corresponding edges, and are close enough in
magnitude that no jog is required. Here finding a plan consists of determining the fence
angles™ andd~ for the turn. From the geometry, we have

4) o=
kK= Ncoss- ¢

%) 6" —0" = gk —gj.

goal
configuration \
M.

N\
i

confipuration

.4
&

Fig. 9. A feeding plan to move a triangle from start configuratien rj) to goal configuratioriex, r¢) by a
turn with raise and drop angles ®f and6~. Length of edge is Ik.
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Solving these equations, we find

_ re + g
tan ! (COt(fﬂk —¢j) — —> :
. rj sin(px — ;)

(6) 0~
(7) 0" = gk—gj +06".
Note that whengx — ¢;) > /2, the radius change can be arbitrarily large or small.

4.2. Nonlinear Programming Approach For a given sequence of edges, we must de-
termine the parameters for each edge transition. For each turn, we must ensure that the
part has a contact radius that is no less than the minimum stable radius for the particular
edge in contact with the fence. If this is not the case, the part must be translated prior to
the turn. Such &anslationmay consist of a single jog or a series of jogs.

A feeding plan to transfer a part from its start configuratierg) to its goal configu-
ration(eg, ry) consists of several stages, each of which accomplishes an edge transition.
Each stage consists of a translation followed by a turn; the translation for a given stage
may be zero. A plan with the edge transition sequeBegll take n — 1 stages, where
n = |S|. Afinal translation may also be required after the goal edge has been reached.

Consider theth stage in a plan to accomplish the transition from eglge edgee,

(Figure 10). To perform a turn, we must execute a translatiay td move the part to

a contact radius af " that is greater tharf‘ab'e, the minimum stable radius for edge

We then perform a turn with a raise anglegpfand a drop angle @~ . The stable push

at the end of the turn brings the fenceste= 0 with the new contact edgs. For this

stable push on edg®, the contact radiug™ must be greater than the minimum stable
radius fore, rS@'® We also have to ensure that the fence raise and drop angles are in
valid ranges, the part is within fence and conveyor bounds, and the fence contacts the
part only at the end of the drift phase.

Fig. 10.Theith transition from edge; to edgeex with a translation ofy;, start and end turn radi;+ andr”,
and raise and drop anglé|§ andg;”.
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The resulting constraints are (foe=1,...,n — 1):
(8 o=r_1+0,
©) = % — (i + do.
(10) 6" — 607 = ok — ¢j,
(11) [maX> b > pstable
(12) rlinax > ri > rS’(able
(13) =6 =0
(14) 026 >-7.
(15) (ri" +a)coss” — p'sing" >0, VveV,
(16) wdropri+ cosd" > v,
a7 (rf —dp)sind*t — (r;” + Ik + dy) sin6,~ N oF — 9(’
Ve Wdrop

wherely is the length of edgk, ¢; andyy are the orientations of edggsandey, v¢ is the
conveyor velocityy " andr"* are maximum valid contact radii for edggsandey, V
is the set of part vertices, aagl and pj’ are the components along and perpendicular to
edgeg; of the vector from the contact vertex to a part verie g; andey, are neighboring
edgesd; = dx = 0. Elsed; anddy are the distances from the (virtual) intersection vertex
of (extended) edgesy ande, to the contact vertices of these edges.

The start and goal constraints are

(18) 5 = re.
(19) rg = M_1+ 0n.

These define a set of nonlinear constraints over the varighlés, 6, r;*, andr;”
Since the radius at the start of a turn depends on the radius at the end of the previous
turn, an optimal solution must consider all variables simultaneously.

The time taken for each stage of the plan is the sum of the jog time, fence raise time,
drift time on the conveyor, and fence recovery time. We use an approximation to the total
time of the plan as our objective function:

I| B

i ' }+m%-

i—1 wstable Uc Wstable
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The approximate time cost coefficient of ik jog series ig; = k cose; /vc(r;" +1_;)
wherek is a constant chosen to be 1000, and= min(|6™"|, |6M2X)) is a safe jog angle
for theith jog series.

This is a nonlinear programming problem whose solutions yield valid feeding plans
and minimize the total time of the plan. Once we have found a solution, we must still
determine a series of jogs to execute the translatpns

An inward translation distanag < O requires a series of decreasing jogs, such that
't =r,(cosy )™ cospi wherem is a nonnegative integer, agff® > y > p; > 0.

So this radius decreasing translation is accomplished by a senegogfs of angley,
followed by a jog ofp;. Similarly, an outward translation distange > 0 requires a
series of increasing jogs, such that, = r;" (cosy)™ cospi wherem is a nonnegative
integer, and 0> p; > y; > ™",

Afeasible solution always exists if the fence is longer than the minimum stable radius
of all edges. A plan with a maximum of three stages to get the part from the start to the
goal configuration exists, although it may not be optimal.

4.3. Details of Generating Feeding PlansWe now outline the process of generating
feeding plans. From the part description and coefficient of friction, we compute the
minimum stable radii for the stable edges and the transition angles between these edges.
For the start and goal configurations, we generate candidate edge transition sequences.
For each such sequence, the corresponding objective function and constraints are input
to a commercial nonlinear programming package called GINO [40]. See the example
plans in Figure 11.

We use minimum stable radius values empirically determined to be robust instead
of the conservative estimate described in Figure 8. Also, the planning procedure can be
extended to use convergent turns to handle parts with only two stable edges which are
parallel.

5. 1JOCImplementation. We have implemented several feeding plans on a conveyor
with the fence being (somewhat ironically) actuated by one joint of an Adept 550 SCARA

e T \\\

A e e s
J )

Fig. 11.Example feeding plans for a triangle. The goal configuratign=269°, rg=150) is the same, while
the start configurations are different: (ay & 126, rs=100) (b) s=269, rs=100) (c) ps=0°, rs=200).

(a)
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robot. The conveyor speed and fence rotational speed have been selected to b&s20 mm
and 30 degregs respectively. The fence is covered with a foam material to avoid slip
between the part and the fence.

Figure 11 illustrates three plans we ran that achieve the same goal configuration from
different starting configurations. Plan (a) requires a single turn to reach the goal, plan (b)
requires just a translation, and plan (c) requires two turns. These plans had maximum
position errors at the goal configuration of 3 mm. The final position is sensitive to part
shape measurements, fence turn angles, and timing in the turns. Occasional slip also
causes some error.

We have implemented the 1JOC planner in C++. We provide the planner with the
part shape, center of mass position, empirically estimated minimum stable radii for the
stable edges, and the start and goal part edges and contact radii. The planner computes the
necessary part information and for each feasible sequence of edges traversed using turns,
generates the nonlinear constraints automatically and runs the nonlinear programming
package GINO on the constraints. It then identifies the best plan as defined by the
objective function. Currently the planner can automatically generate one and two stage
plans. The average planner run times were 1.27 s for single stage plans and 1.62 s for
two stage plans over a set of 60 trials each on a Sun Sparcstation20.

An overhead camera takes a picture to determine the pose of a the part along the
fence. The configuration is passed to our planner, which finds a plan and then generates
a V+ program for the Adept robot to execute. The system takes 5-10 s from the time the
camera takes an image to the time the robot starts executing the generated plan. This time
could be significantly reduced with a few optimizations. Note that the feeding plan to get
the part to the goal configuration requires no sensing after the initial camera snapshot.

6. The Sensorless 1JOC. We have so far assumed that a camera gives us the initial
position and orientation of the part after it first contacts the fence. With some modifica-
tions, we can perform sensorless parts feeding with a one joint system over a conveyor.
We call this variant the sensorless 1JOC. We show that any polygon can be transferred
from a random initial configuration to a suitable goal configuration without sensing, up
to symmetries in the push function.

In this section we describe the sensorless 1JOC and its manipulation primitives. These
primitives allow us to use Goldberg’s algorithm [34] to prove that the sensorless 1JOC
possesses the feeding property.

6.1. The SensorlessJOC Model The sensorless 1JOC is similar to the 1JOC with
the following exceptions. The fence is frictionless with a “stop” at each end, and it is
centered above the conveyor (Figure 12). Instead of pivoting about a fixed point, the
fence rolls without slipping on pivot circle so that each point on the fence follows an
evolute. If this pivot circle has radius then when the fence has rotated CW (CCW) by

7, it will also have moved up the conveyor by and to the left (right) byrr. Moving

up the conveyor byr2gives the space necessary for the fence to push a part to an angle
m, release it, and then rotate back to O degrees and catch the part as it drifts down the
conveyor.
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Stop

Conveyor belt

Fig. 12.The sensorless 1JOC.

6.2. Sensorles&JOC Primitives The three primitives we use for sensorless orienting
of polygons areatchestilts, andstable pusheésee Figure 13):

e A catchbegins with the part either above or on the fence. The fence is held at 0 degrees
until the part settles to a stable orientation on the fence.

e Atilt begins with the fence horizontal and the part resting on a stable edge. The fence
is then tilted CW (CCW) and the part slides without rolling to the right (left) stop.

e A stable pustbegins with the part on a stable edge at the left stop for a CW push, or
at the right stop for a CCW push. The fence rotates, pushing the part, so that the part
remains fixed relative to the fence. The push is stabilized by the stop. (For the original
1JOC, the push is stabilized by friction.)

A sensorless feeding plan consists of a sequence of catches, tilts, and stable pushes.
We describe the behavior of each primitive in detail next.

6.2.1. Catches A catch occurs when a part on the conveyor contacts the fence held
stationary at 0 degrees and rotates onto a stable edge. Viewed from a frame fixed in the
conveyor, each catch idiaear normal pushmeaning that the fence is pushing the part

in a direction normal to the fence face. To determine the rotation of the part during a
catch, we follow Goldberg [34] in using thadius function(Figure 14). The radius of a

part is the perpendicular distance from a reference point in the part to a supporting line.
The radius function: ST — 9 is a plot of the radius as the supporting line is rotated, and
has a period of 2. When the center of friction is the reference point and the fence is the
supporting line, the local minima of the radius function occur at stable edges of the part.
A part pushed by a fence rotates to achieve a minimum radius. Each local minimum in the
radius function determines a convergent orientation, and each local maximum determines
a divergent orientation. Hence a normal push has the net effect of mapping the entire
interval between two divergent orientations to the enclosed convergent orientation.
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Catch
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T

Stable Push

Fig. 13.Primitives used for sensorless orienting.

Thepush functiorj34], obtained from the radius function, is an alternative represen-
tation of the effect of a normal push. Itis a mappmgS* — S* from the initial relative
orientation of a part to the resulting orientation (Figure 15) , and has a period &%@
say the part has a symmetric push function if it has a period less thaA 2ompact
representation of the push function is shown in Figure 16.

We avoid catches in which the part contacts the fence at a divergent orientation. There
are some additional practical issues:

e Convergence timePeshkin and Sanderson’s results [56] can be applied to give an
upper bound on how long the system must wait for the part to rotate to a stable edge.

e Metastable edgedAt the end of a catch we perturb the fence so that the polygon
does not linger indefinitely on a metastable edge. A very small rotation of the fence,
opposite to the desired part rotation, moves the contact normal off of the center of
friction, inducing a torque that causes the desired part rotation. In the absence of
metastable edges this step is skipped.

e Stop interferenceAs a part converges to a stable edge, it may come into contact with
a stop. We assume this does not affect the outcome of a catch.

6.2.2. Tilts. A tilt is a CW or CCW rotation of the fence so that a part resting on a
stable edge on the fence at 0 degrees slides without rotating to the right or left stop. The



334 S. Akella, W. H. Huang, K. M. Lynch, and M. T. Mason

0

()

(b)

Fig. 14.The radius function for a triangle with its center of friction indicated by the solid dot. (a) The nadius
of a part at a fence orientatighis the perpendicular distance from the center of friction to the fence. (b) The
radius function is the plot of the part radius as the fence orientation is varied. Based on [34].

sensorless 1JOC uses a tilt before each stable push, and one at the end of the plan to
eliminate positional uncertainty of the part.

The part slides faster for steeper tilts, but there is a limit to how steep we can tilt the
fence without rotating the part when it contacts the stop. Figure 17 illustrates a simple
way of determining the maximum tilt angle.

6.2.3. Stable Pushes Whenthe partis resting against the right (left) fence stop, a stable
push allows the fence to rotate the part CCW (CW). The part remains fixed relative to the
fence as it moves. To show that these pushes are stable, we must ensure that the contact
forces provided by the fence and the stop can balance the support friction force for any
pressure distribution of the part consistent with the center of friction. In this section we
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Fig. 15.The push function for the triangle. The horizontal and vertical axes are the initial and resulting relative
orientations of the part. Based on [34].
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Fig. 16.A compact representation of the push function for the triangle.I’kend the vertical bars indicate
the convergent and divergent fence orientations respectively, and the circle indicates wrapareund at 2

S

m

Fig. 17.The maximum tilt angle can be derived using simple force—torque balance. Here the constraints are
represented using moment-labeling regions [48]. The convex combination of the contact forces from the fence
and stop consists of the set of all forces that yield positive moment about the region labatebnegative
moment about the region labeled Two forces are shown—the force required for force balance for a tilt angle

of zero, and a force which just begins to violate the constraint, defining the maximum tilt angle. A nonzero
maximum always exists, because the polygon is on a stable edge.
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Fig. 18.Frictionless contact forces from the fence and stop can be represented as moment-labeling regions as
in Figure 17.

show that it is always possible to choose a pivot circle radjdsnce length, and ratio
of the conveyor velocity to the fence’s pushing angular velocityto make the pushes
stable.

Assume the part is resting against the right stop. The set of possible contact forces is
given by the convex combination of the frictionless forces at each contact (Figure 18).
For a set of contact forces, we can find a set of stable pushing motions using the algorithm
described in [41]. (This algorithm is more general than the procedwBLS, which
applies to a single line contact.) Figure 19 shows the CCW stable pushing motions
Vstable fOr the example of Figure 18. The stable pushing motions are represented as
rotation centers fixed in the part frarnfg, relative to the conveyor it is sliding on. For
these rotation centers, the contact forces can balance the support friction force for any
pressure distribution of the part.

Now we assume that the conveyor veloaitis negligible. Then during a stable push,
the rotation center in the part franfg is the point on the fence in contact with the pivot
circle. Defining the zero location on the fence to be the point in contact with the circle
when the fence is held at O degrees, the rotation centers on the fence sweep the range
—rm/2 torm, wherer is the radius of the pivot circle, as the fence rotates fremy?2
to . (Note that—7/2 is the steepest possible tilt angle.) We can see in the example of
Figure 19 that the push is stable for all angles of the fence.

We can always choose the fence to be long enough that the push is stable for all
fence angles. When the rotation center is an infinite distance away along the fence,
the required contact forceis normal to the fence and through the center of friction.

As the rotation center moves in along the fence, the required contact force smoothly
rotates CCW because the part’s support friction is “above” the fence. This CCW force
is provided by the stop (see Figure 18). More precisely, we can define the largdst ball

of forces about such that all forces i8 and CCW off can be provided by the contacts.
Becauses always has nonzero radius, the distance to the nearest stable rotation center

5 Technically, to prove the motion is stable, we must also prove that no other motions of the part are possible.
Unlike for the procedure BBLE, there is no general proof of this. Here we simply assume it to be the case.
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Fence rotation centers

\41(1111 e W

Fig. 19. The set of CCW stable pushing motioWsiapie represented as rotation cente¥gaple is always
bounded from above by a line parallel to the stable edge and through the center of friction. Also shown is an
example pivot circle and the points on the fence that roll on the pivot circle as it rotates-frg@to .

is finite, implying that we can always choose a sufficiently long fence to make pushing
stable if the conveyor velocity is negligible.

If the conveyor velocity is not negligible with respect to the pushing angular velocity
w, the rotation center of the part relative to the conveyor during stable pushing can be
written as a function of the ratio/w. For a fence anglé, the rotation center location is
(X, ¥), X =0r + (v/w) codnm — 0),y = (v/w) Sin(x — 6), where thex axis is aligned
with the fence and the origin is the point on the fence in contact with the pivot circle at
6 = 0. The rotation center traces out a curve in the part fréméigure 20).

For a push to be stable, the curve must stay in¥igg . For a given pivot circle,
fence length, and pushing velocity (perhaps limited by the quasistatic assumption),
we would like to find the highest possible conveyor veloeityfo do this, we increase
until the curve no longer remains Wy,pe (Figure 21). By doing this for each possible
configuration of a given part, we can find a maximum conveyor velocity guaranteed to
give stable pushes for all configurations. Maximizing the conveyor speed maximizes the
feeder’s throughput.

Because&/sipleis bounded from above by a line parallel to the stable edge and through
the center of friction (Figure 19), one condition for the rotation center curve to be
contained inVsiapie IS thatv < wd, whered is the distance from the center of friction

Pivot circle, radius »

Vi = 2r

Fig. 20. Curves of the rotation center of the part relative to the conveyor during stable pushing. The curves
shown are for several different ratios ofw. Each curve is drawn by varying the fence amglie the range

[—m/2, x]. (If the stable pushes in a sensorless plan use a smaller angle range, the curves can be truncated.)
Circles are drawn around the rotation centers on each curve at fence angi20, /2, r.
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Pivot circle, radius r

PR v/ = 3172

( / =0 =374
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stable

Fig. 21.Rotation center curves for different ratiogw. For this example, the maximum conveyor veloaity
that guarantees stable pushesris B4. For larger values, the curve leavesgaple

to the stable edge. Whehis small, the conveyor velocity must be small relative to
the fence angular velocity. By moving the pivot circle “down” relative to the fence,
however, we can move the rotation center curves furthernihtg, allowing a higher
conveyor velocityv. There are other possible variations, but we do not consider them
further.

6.3. The Feeding Property We can now demonstrate the feeding property for the
sensorless 1JOC.

THEOREM3. The sensorlesk]JOC possesses the feeding property

o for all polygonal parts

o for the three-dimensional spadeof initial configurations such that the part initially
comes to rest on a stable edgempletely on the conveyagainst the fence fixed at
0 degrees without touching either of the fence stepsl

e using only catchedilts, stable pushesnd conveyor drift

PROOF Given a part in stable edge contact with the fence, we can execute a tilt to
bring the part to either stop. The fence can then rotate the part by any angle in the range
(—m, ) using a stable push. Each stable push is followed by a catch when the part drifts
into contact with the fence. Goldberg [34] developed an algorithm that finds the shortest
sequence of parallel-jaw grasps to orient any polygonal part up to symmetry. We can use
this algorithm to find the shortest sequence of fence rotations guaranteed to bring any
polygonal part from any initial stable edge to some goal stable edge, up to symmetry
in its push function. The goal position must be at one of the stops; a final tilt will be
required to bring the part to the goal stop. O

To ensure that the sensorless 1JOC can orient all parts up to symmetry in the push
function, the fence must be capable of stable pushing anywhere in the (range)
before releasing and catching. To see that this is necessary, consider the push function of
Figure 22. There are two stable edges at angles Grand, wheree is a small positive
value, so the push function is not symmetric. The angle range from both stable angles to
the CCW limits of their convergence regionsiisvheres is a small positive value.

Because the distances to both CCW limits are equal, we must distinguish between
the stable edges by using the different distances to their CW limits. The fence must
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Fig. 22.This push function requires the fence to push the part at feast — ¢ radians before releasing it
and catching it. This allows the fence to change its orientation relative to the part by aranglé + ¢, the
minimum required to distinguish between the two stable edges.

move CW relative to the part by a magnitude of at least § — . This implies a CCW
stable push (before the release and catch) of the same magnitutie>A% ¢ — 0, the
required push angle approaches

Figure 23 constructs a part with the push function of Figure 22, requiring a stable
push of up tar to orient it. The reflection of this part requires a stable push of up to
—m, indicating that the sensorless 1JOC must be capable of stable pushes in the range
(—m, ) to orient all parts up to symmetry in the push function.

Most parts can be oriented with an angle range much less(thanr), and we are
interested in characterizing such parts. For example, it is easy to show that all triangles
are orientable using the angle ranger/2, 7 /2). There exist quadrilaterals, however,
that cannot be oriented up to symmetry using this angle range. Goldberg and Overmars
[35] showed that— /2, 7/2) is sufficient if parts possess no “partial” symmetries—the
distances from each stable angle to each edge of its convergence range are unique.

7. The Sensorless 1JOC Planner. The sensorless 1JOC can use the primitives de-
scribed above to position and orient parts without sensing. A sensorless orienting plan
begins with a part in stable edge contact with the fence. A sequence of stages, each
consisting of a tilt, a stable push, and a catch, brings the part to a known orientation. A
final tilt brings the part to one of the fence stops. Orienting a part wistable edges

Ly A D

Fig. 23.Constructing a part with the push function of Figure 22. Start with a circle centered at the center of
friction of the part. Cut the bottom of the circle with the horizontal Iling and cut the top of the circle with

the line Ly, which is at an angle-¢ to the horizontal. The intersections of these lines with the circle define

the pointsA andC as shown. Draw the normals kg andL 2 which pass through the center of friction. Pivot

these normals an angdeabout the center of friction and intersect them with the lihgsndL, giving the

pointsB andD as shown. Now construct a curve frofvto B which spirals away from the center of friction.
Construct a similar curve betwe€nandD. The part is defined by the curve frofto B, the stable edge from

B to C, the curve fronC to D, and the stable edge froBito A. By making the cuts;, ands arbitrarily small

and replacing the curves with an arbitrarily large number of line segments (none of these edges is stable), we
create a polygonal part that requires a stable push of mpttoorient it.
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1 2 3

oAl VA || N
b.vl b.v b,

Fig. 24.Example sensorless feeding plan. Three different initial orientations converge to a single final orien-
tation. The tilts are not shown, and only the right half of the sensorless 1JOC is shown in this plan.

takesO(n) stages, as can be shown using Goldberg’s algorithm [34]. Since any polygon
shares its push function with an infinite set of polygons [3], a single plan can orient
multiple nonsimilar parts that share the same push function.

We use breadth-first search in the space of representative actions to find the shortest
sequence of fence rotations to orient the part. The representative actions are obtained
from the push function and provide a finite discretization of the action space that covers
it. See Figure 24 for an example plan.

The sequence of fence rotations specifies the sequence of stable pushes, each of which
is followed by a catch. Stable pushes in the intelvat, ) are sufficient to rotate the
parts as desired. We have to precede each stable push with an appropriate tilt. Prior to a
CCW stable push in the interved, ), we tilt the fence CW to bring the part to the right
stop. Prior to a CW stable push in the inter¢alr, 0), we tilt the fence CCW to bring
the part to the left stop. Once the tilt direction is determined, the tilt angle is computed
for the set of possible part orientations for the stage.

8. Sensorless 1JOC Implementation. Our implementation of the sensorless 1JOC
uses one joint of an Adept 550 robot to rotate the fence about a fixed pivot point since
most parts do not require rotations closertoWe used a plexiglass fence and delrin
parts to test the plans. We generated plans to test the right triangle and 8-gon shown
in Figure 25. We used a conveyor velocity of 20 prevand fence angular velocities of
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)

Fig. 25. The two test parts used in the experiments. The plan to feed the triangle is illustrated in Figure 24.

30 degreess for stable pushes and 6 degréefor tilts. The tilt angles were 45 degrees.

The times for catches and tilts to proceed to completion were found empirically. Since
we observed that stable push actions selected from smaller action ranges are less robust
than those selected from larger action ranges, we specify a minimum action range size
of 5 degrees for valid actions.

We ran 20 trials for the triangle starting in different configurations along the fence. All
20 trials were successful. We ran 20 trials on the 8-gon for different start configurations,
of which 16 were successful. The failures occurred during tilts when the polygon rotated
away from the stable edge it was sliding on, probably due to the nonzero friction coef-
ficient of the fence. From our tests on this and other parts, we observed that edges that
are nearly unstable sometimes cause undesired part rotations, particularly when a part
slides on such an edge during a tilt. Such edges also sometimes require small tilt angles,
which may not allow sliding to proceed to completion. Another occasional failure mode
occurs when a part contacts the fence stop in the middle of a tilt, leading to undesired
part rotation as the tilt progresses.

9. Variations on a Theme. The 1JOC approach uses a fixed velocity conveyor in
combination with a single servoed joint to obtain the diversity of motions required for
planar manipulation. We have shown by proof and demonstration that the 1JOC is capable
of useful planar manipulation: any polygon is controllable from a broad range of initial
configurations to any goal chosen from a broad range of goal configurations. We have
also shown that a variant, the sensorless 1JOC, can position and orient polygons without
sensing.

For this paper we designed the system and the set of actions to simplify analysis and
planning. There are many variations on the approach which may be more suitable in
different contexts. Some variations on the system configuration are: a curved fence; a
prismatic fence in place of the revolute fence; a rotary table in place of the conveyor; or
use of gravity rather than a conveyor. Some variations on the actions are: optimization
of fence rotation rates instead of using fixed values; complete revolutions of the part to
reduce jogs; and speeds high enough to require dynamic analysis instead of quasistatic.
Another variation for three-dimensional parts would be to use techniques similar to
Bicchi and Sorrentino’s [14] to roll parts on the conveyor.

When addressing potential industrial applications, itisimportant to consider the whole
system, including interactions with surrounding equipment. Several different scenarios
have occurred to us: a 1JOC to pose parts followed by a simple pick-and-place device; a
1JOC to singulate parts for a SCARA; or two or three 1JOCs pipelined to singulate and
feed parts.
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