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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.

Keywords. robotics, manipulation, mechanics, planning, minimalism, automation, manufacturing, parts
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 define the
feeding property:
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Figure 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.
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Figure 2: The Flex Feeder with a rotatable fence.

A system has théeeding property over a set of part® and set of initial configurationk fif,
given any part irP, there is some output configuratigrsuch that the system can move the part
to g from any location inl .

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 considestagesinstead of configurations. We can also defirstoghastic
feeding 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
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Figure 3: We can feed a part by alternately pushing it with the fence and letting it drift along the conveyor.

uses a system of conveyors to recirculate parts, presenting them with random orientation to a camera and
robotic 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 pro-
grammable 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.

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 configurations 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 theensorless 1JOC 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.
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1.1 PreviousWork

We previously reported portions of this work in [1, 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]; Goyat 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 (Mani and Wilson [45];
Brost [22]; Mason and Brost [49]; Peshkin and Sanderson [56]; Goldberg [34]; Akella and Mason [4])
and to plan motions to “catch” an object by pushing it (Brost [23]; Balorda [10]).

1.1.2 PartsFeeding

Several parts feeding systems have already found success in industry. BoetlalojB] describe several.

Bowl feeders vibrate in such a way that parts are forced to climb a narrow spiral track in single file. Alongthe
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 Boothroyd [17];
Berkowitz and Canny [13]; Caine [25]; and Christianseal. [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 qualitative analysis of the APOS process is provided by Krishnasamj{38].

Parts orienting by an arrangement of fixed fences over a conveyor was explored by Peshkin and Sander-
son [56], and extended by Brokowstial. [21] and Wiegleyet 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 fencaatiitin designed 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 van der Stappenal. [64] for further analysis of orienting parts by grasping and by fences.

Parts supported by a vibrating plate can be oriented by controlling the vibratadi(igeret al. [16];
Swansoret al. [62]). Bohringeret al. [15] are also studying the use of a planar array of micromanipulators
to orient parts supported by the array.



1.1.3 Underactuated Systems

The 1JOC is an underactuated system with a drift field. Such systems have been studied in nonlinear control
theory; see, for instance, (Brockett [20]; Crouch [29]). For an introduction to nonlinear control see Nijmeijer
and van der Schaft [53].

The 1JOC can be likened to an underactuated manipulator in a gravity field, where the proximal “shoul-
der” (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 [54ktArai
al. [8, 9, 6], and Bergermasat al. [12]. Sardaleret al. [60] recently developed a nonholonomic gear which
allowed them to construct a controllalsidink planar arm with only two motors.

Some other notable systems are the batting/juggling robots describedhiar Boditschek, and Rizzi [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.

Brock [19] took advantage of gravity and contact with other objects to reorient objects within the hand
using controlled slip. Rao, Goldberg, and Kriegman [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 uni-
lateral 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]. Bionald
al. [30] have begun to develop a theory of information invariants to compare the information content em-
bedded 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 goalProgress cones bound 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 grasplesspoehensile manipulation.
Other examples include sliding and rolling manipulation with two flat “palms” (Erdmann [31]; Zumel and
Erdmann [66]) or with the surfaces of a multi-body manipulator (Trirekla. [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 (Sussmann [61]).

A part’s configuratiorg = (x,y, @) " is controllable from q if, starting fromg, the part can reach every
configuration in the configuration space. The padoigtrollableto q if g is reachable from every configu-
ration. The part isccessible fromq if the set of configurations reachable frathas nonempty interior in
the configuration space.

We can also define local versions of these properties. The manhistimeaccessible fromq if, for any
neighborhoodl of g, the set of reachable configurations without leawhigas nonempty interior. The part
is small-timelocally controllablefromq if, for any neighborhootl of g, the set of reachable configurations
without leavingU contains a neighborhood gf

The phrases “frong” and “to " can be eliminated in these definitions if they apply to the entire config-
uration 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 part is controllable, the 1JOC can transfer the part from any
configuration to any other configuration. Small-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. Pla-
nar 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 if the
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 thafiked rotation 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.

In this 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 OneRotation 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 con-
sider the full pushing mechanics for a rotating fence, the reachable set is 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.

¢ 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 fialdsd X, corre-
sponding to the conveyor and the turntable:

X1 = (0,1,0)7 1)
X2 = (-yx17 ()



Figure 4: Thethinrod is not small-time locally controllablefrom this configuration—regardless of whether
the fence pushes the rod from above or below, the resulting force can produce only positive torque.

When the part tracks the conveyor, the part motion is given by g = vX;, where v is the velocity of the
conveyor in they direction. When the part tracks the turntable, the part motion isgiven by q = wXp, where
w is the angular velocity of the turntable and the origin is at the center of the turntable. The Lie bracket
[X1, X2] of these two vector fieldsis given by:

X, Xo] = %—?xl_%lxz €)
0o -10\/0 0
= |1 oof|[1]|-]o
o oo/\o 0
-1
= 0
0

The new vector field [Xy, Xo] is linearly independent of X; and X, yielding a third controlled freedom
(provided both v and w can be nonzero). The system therefore satisfies the Lie Algebra Rank Condition,
and it issmall-time accessible. If both the conveyor and the turntable are bidirectional (both v and w can be
positive or negative), the system is also small-time locally controllable (Nijmeijer and van der Schaft [53]).
If either or both is unidirectional, the system is not small-timelocally controllable, but it can be shown to be
controllable by a simple constructive argument (Lynch and Mason [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 M odel

We now add pushing mechanics to the model. We assume 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 aso
apply to less detailed models.

Figure 4 shows that the system is not small-time locally controllable for the case of athinrod. If the
fence pushes from below, the rod's angular velocity is positive. If the fence swings around and pushes the
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Figure 5: Notation.

part from above, the angular velocity is till positive. There is no maneuver combining these actions and
conveyor drift that can locally achieve negative rotations.

24 Practical Pushing Models

The detailed pushing model is difficult to use because it requiresfull 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-timelocal controllability isimpossible.

3 ThelJOC

In this section we focus on a particular model for the 1JOC and prove that it can transfer any polygonal part
from any initia configuration (sufficiently far from the edges of the conveyor) to asinglegoal 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 ThelJOC Model

The conveyor isthe half-planex > 0, with a constant drift velocity v in the —y direction. Thefenceisaline
that pivots about a fixed point on the line. The origin of a fixed world frame F,, coincides with the pivot
point. The fence angle 6 is measured with respect to the x axis of F,y, and itsangular velocity is given by w.
The fence angular velocity wisour single control input.

Thepart can be any polygon, but because the manipulator isaline, we need only consider itsconvex hull.
The center of mass of the part liesin 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. The center of friction is therefore coincident
with the center of mass. When werefer to a“part” in the rest of the paper, we assume these properties. For
the 1JOC, we al so assume the coefficient of friction between the fence and the part is nonzero.
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Figure 6: Step by step illustrationsof the 1JOC primitives.

The analysisrelies on the definitions of a stable edge and a metastable edge. An edge of apolygonisa
stable edge if the perpendicular projection of the center of friction to the edge isin the interior of the edge
segment. An edge of a polygon is a metastable edge if the center of friction projects to an endpoint of the
edge.

We assume quasi static mechanics — as the fence pushes the part over the conveyor, the motion of the
part in the world frame F,, is sufficiently slow that inertial forces are negligible compared to the frictional
forces. The support friction acting on the part during pushing is determined by the motion of the part relative
to the conveyor, not the world frame F,.

It is convenient to represent the linear and angular vel ocity of the part relative to the conveyor inaframe
Fp, attached to the center of friction of the part. A velocity directionissimply aunit velocity vector. Velocity
directions may also be represented as rotation centersin the frame Fp,.

The configuration of the part frame F, in the world frame Fy, is given by (x,y,@ T € 0% x S1. When
an edge of the part is aligned with the fence, the contact radiusr defines the distance from the fence's pivot
point to the closest point on the edge (the contact vertex), and the configuration of the part can be given in
the polar coordinates (r,0). The location of the point a r on the fence is (r,ry) in the world frame. See
Figureb.

3.2 1JOC Primitives

We now describe the basic 1JOC primitives (illustrated in Figure 6) which yield the feeding property. The
starting point for these primitivesis with the fence held at 0 degrees (perpendicul ar to the conveyor velocity)
with the part in stable contact with the fence.

10



3.2.1 Stable Pushes

A stable push occurs when one edge of the part is aligned with the fence and frictional forces keepsthe part
fixed against it. The simplest example of a stable push occurs when the fence is held at O degrees, and a
part on the conveyor driftsinto 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 a so occur while the fenceisrotating. Lynch and Mason [42] described the
procedure STABLE that finds a conservative set of stable pushing directionsV gane for agiven pushing edge,
pushing friction coefficient, and center of friction of the part. This set of pushing directionsis fixed in the
part frame F,. The 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 center in Vgane. See Figure 7 for details.

For simplicity, we will only consider the edges of the part that yield a stable push while the fenceis held
at 0 degrees (the pushing direction is a trandation normal to the edge). The existence of these stable edges
isindicated by the following lemma (Lynch and Mason [42)]):

Lemmal All polygonal parts have at least one stable edge. For a stable edge, the normal translational
pushing direction, along with a neighborhood of this pushing direction, belongsto V gapie (because friction
iS nonzero).

Remark: We will avoid metastable edges by dightly perturbing the fence (after the part comes to rest on
such an edge) to bring the part to a stable edge.

If the contact radiusr issufficiently large, the fence pivot will be inside the set of stable rotation centers
Vgable fixed in the part frame F,. If the fence angular velocity w is large enough relative to the conveyor
vel ocity v, the combined pushing motion is nearly a pure rotation about the pivot, and the pushing mation is
stable. Therefore, it is possibleto stably push the part from any 8¢ to any 84 in a counterclockwise (CCW)
direction, where —11/2 < 8 < 81 < T/2. Figure 8 illustratesamethod for finding the minimumstableradius:
the minimum contact radius r such that the push is stable for all fence anglesin the range [—11/2, /2] for a
given fence angular velocity w and conveyor velocity v.

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 not in Vgape. Such apush is stable if the rotation center
remains in Vgape during the push. The fact that V gapie iS @ conservative approximation to the set of stable
pushing directions may also help. (2) The fence rotates clockwise (CW). Thistype of push may be stableif
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 r from the fence pivot to the part
without changing the stable resting edge.

11
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For a given edge contact, we can determine Vgaple, the set of pushing rotation centers that keep the part fixed to the
pusher. Note that Vgap e isfixed in the part frame, not the world frame.
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The conveyor velocity v and the rotational velocity w about the fence tpivot 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.

viw
Vstabl e

(net COR

Provided the net COR is contained in Vg apie, the part will remain stationary with respect to the fence for that combi-
nation 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 of v/ .

Figure 7: Determining the stability of a push.

Lemma?2 A part resting on a stable edge can be moved from any initial contact radiusr on the fence to
any desired r intherange (0, ) by a series of jogs.

Proof: From Lemma 1, we use the fact that a heighborhood of pushing directions about the normal trans-
lation direction is stable for a stable edge. In fact, there is a range [8™",8™] of fixed fence angles about
0 degrees that are also stable. The fence does not have to be motionless to execute a stable push, however;
if the fence angular velocity w is small enough with respect to the conveyor velocity v, then the fence can
execute a stable push while moving in the angle range [0™", 0™, regardless of the contact radiusr .
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Figure 8: The locus of net CORs forms a semicircle about the fence pivot as the fence swings from —11/2
to 11/2. Given a fence angular velocity w and a conveyor velocity v (which determine the radius of this
semicircle), we pick a minimum stable radius so that this semicircle lies completely within V gape. Recall
that Vgapie is fixed with respect to the part, so increasing the contact radius moves the semicircle deeper
into Vgaple. This conservative estimate of the minimum stable radius guarantees stable pushing in the
counterclockwisedirection at any fence anglein [—T11/2, 1/ 2].

To decrease the contact radius r, the fence is raised to an angle 8 (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 on the same stable edge. We assume thereis no slip
between the part and the fence. (The no-dlip assumption is important for open-loop feeding plans.) The
result of thejog isto decrease the contact radiusfromr tor cos6+.

To increase the contact radius r, the fence is quickly lowered to an angle 8~ (8™" < 8~ < 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 O degrees again, pushing the part with a stable push. The contact radius of the part has
changedtor/cos6.

A series of jogs, either increasing or decreasing r, can bring the part to any r in the range (0, ). O

There are other possibilitiesfor jogging a part which will not be considered in thispaper: (1) By moving
the fence quickly, it may be possibleto raise the fence to an angle 61 > 6™, 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 angle 8~ < 8™" (while the fence ismoving). (2) If an edge is stable against a fixed fence in an angle
range that does not include O degrees, it may be jogged by a procedure similar to that above. In these cases,
however, the contact radiusr can only beincreased or decreased, not both.

A jog isdirectly analogous to the Lie bracket motion for the ideal turntable plus conveyor system ana-
lyzed in Section 2.2. The difference from theideal system isthat the part only tracks the fencewhenitisin
stable contact. Nonetheless, we can now show:

Theorem 1 The configuration of a polygonal part in stable edge contact with a fence held at O degreesis
small-time accessible using stable pushes, jogs, and conveyor drift.
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Proof: Given any neighborhood of the part configuration whileit isin stable edge contact with the fenceat O
degrees, it ispossibleto jog the part a nonzero distancein both directionswithout 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. The other two vector fields of Section 2.2 can be obtained directly by conveyor drift
and stable pushes. O

Wecall | the set of initial part configurationsthat 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 isaccessible from the set I .

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

3.2.3 Turns

Turnsallow usto 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 angle 8 > 0 by executing a
stable push; dropping the fence to an angle 6~ < 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 fromwhich it isimpossibleto turn the part to the
next CW stable edge. Exception: a part has two such stable edgesiif they are the only stable edges and they
are parallel to each other.

Proof: The fence can execute a stable push to any angle less than 11/2, and it can reacquire the part with a
stable push at any angle greater than —11/2. Thisindicatesthat it is possible to reach any fina stable edge
less than 1 CW of theinitial 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 than 1t removed. The exception is a part which has two
stable edges that are exactly Ttremoved from each other. O

There are afew important pointsto make about turns:

e The contact radiusr, for both theinitial and final edges, must be large enough that the pushing direc-
tionsalwaysremain in Vgane. Jogs may be used before the turn to satisfy this condition.

e Thequantity 67 — 6~ isdetermined by the part geometry, but the actual values of 8+ and 6~ are not.
To some extent, the contact radius r after the turn can be controlled by the choice of these values. If
6t — 0~ > 1/2, thenr can be changed to any valuein the range (0, «) during the turn.

e Thisprimitive requires precise knowledge of the conveyor’s motion—the final stable push must begin
precisely when the new edge contacts the fence.
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Consider the case where turning a part to a new stable edge requires raising the fence to /2 — & and
catching the part at —11/2+ €, where & and € are small positive values. It may be necessary to move the
part to a large contact radius r before executing the turn to ensure that the part remains completely on the
conveyor (x > 0) after theinitia push.

3.2.4 Convergent turns

To perform a turn between two stable edges which are parallel, the fence would have to be raised to 11/2,
pushing the part off the conveyor. To change the resting edge of such parts, we can introduce a convergent
turn: raise the fence to /2 — 9, alow the part to drift down, and begin pushing it again at —11/2+ €.
Assuming no slip at the pushing contact, the part will converge to the new stable edge as the fence israised
to O 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 turnsis to handle parts with only two stable edges
which are paralel.

3.3 TheFeeding Property

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

Theorem 2 The 1JOC possessesthe feeding property:
¢ for all polygonal parts

e for the three-dimensional space | of initial configurationssuch that the part initially comes to rest on
a stable edge, completely on the conveyor, against the fence fixed at O degrees, and

e using only stable pushes, jogs, turns, convergent turns, and 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 radiusr in the range (0, «0) by Lemma 2), and the part
is stable against the fence for a range of fence angles 6 by Lemma 1. The goal edge therefore alows atwo-
dimensional set of final stable configurations of the part in the (r,8) space. If the fence is quickly lowered
to —11/2, releasing the part, this set driftsto 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 rotated 11/2,
pushing the part off the conveyor into the feeder track, instead of releasing it to continue on the conveyor.
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Figure 9: A feeding plan to move atriangle from start configuration (e, r;) to goal configuration (ex, rk) by
aturnwith raise and drop angles of 6+ and 6. Length of edge e is k.

4 Thel1lJOC Planner

Theorem 2 establishesthat for any polygonal part, there exists a sequence of jogsand turnsto feed it. Inthis
section, we describe how to find a sequence of jogs and turnsto 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 values: wgapie (for stable pushes), wyrop (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 alwaysfind afinite dimension fence and conveyor to feed a given part.

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 agoal 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 orientationis 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
edge e and ending at the goal edge ey that do not require rotating the part more than 2m. For a sequence
of edges S, afeasible plan existsif there is avalid sequence of jogs and turnsto move the part in sequence
through the edgesin Sand change the contact radius by the required amount. Of all feasible plans, we select
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the one that requires minimum time.

4.1 A Simple Example

Consider apart resting on edge e; (orientation ;) at radiusrj which isto be moved to the neighboring CW
stable edge e (orientation @) at radiusry (Figure 9). Here the sequence of edges is S= {ej,&}. Assume
rj and r¢ 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 6+ and 6~
for the turn. From the geometry, we have:

cosO*
I’k:rjcose_ _Ik (4)
6" - 0" =@~ ©)
Solving these equations, we find:

_ _ + 1k
8~ = tan l(co'[ - —rk—) 6
*O) S a) ©
6" = —¢+6° (7)

Note that when (¢« — @;) > 11/2, the radius change can be arbitrarily large or small.

4.2 Nonlinear Programming Approach

For agiven sequence of edges, we must determine the parameters for each edge transition. For each turn, we
must ensure that the part has a contact radiusthat is no less than the minimum stable radiusfor the particular
edge in contact with the fence. If thisis not the case, the part must be translated prior to the turn. Such a
translation may consist of asinglejog or a series of jogs.

A feeding plan to transfer a part from its start configuration (es, rs) to its goal configuration (eg,rg)
consistsof several stages, each of which accomplishesan edgetransition. Each stage consistsof atrandlation
followed by a turn; the trandation for a given stage may be zero. A plan with the edge transition sequence
Swill take n— 1 stages, wheren = |§. A final translation may a so be required after the goal edge has been
reached.

Consider the ith stage in a plan to accomplish the transition from edge e; to edge e (Figure 10). To
perform aturn, we must execute a translation of g; to move the part to a contact radius of r;" that is greater
than rf‘ab'e, the minimum stable radius for edge ej. We then perform aturn with araise angle of 6} and a
drop angle of 6;". The stable push at the end of the turn brings the fence to 8 = 0 with the new contact edge
&. For thisstable push on edge e, the contact radiusr;” must be greater than the minimum stable radius for
&, riae. 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 contactsthe part only at the end of the drift phase.

Theresulting constraintsare (fori=1,...,n—1):

rF=r_,+g (8)
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Figure 10: Theith transition from edge e; to edge e with atranslation of g;, start and end turn radii r;" and
r;”, and raise and drop angles 8;" and 6;".

_ (r"—dj) cos6;

S VR 4 d 9
! cos6;” (he+dig ©

0" -6 =@ — o (10)

(P> > e (12)

M > r > rgedle (12)

g> 8" >0 (13)

0>6 > —g (14)

(ri +aY) cosj" — pY'sinG} > 0,vveV (15)
Wdroplh COSB;" > v¢ (16)

(rﬁ—dj)sinei*—(ri‘+lk+dk)sinei‘ S er—er
Ve Wdrop

(17)

where | isthe length of edgek, ¢; and ¢ are the orientations of edges e; and &, V¢ isthe conveyor velocity,
ri® and ri™ are maximum valid contact radii for edges ej and e, V isthe set of part vertices, and aj and
p] are the components along and perpendicular to edge e of the vector from the contact vertex to a part
vertex v. If ¢ and e are neighboring edges, dj = dx = 0. Else, d; and di are the distances from the (virtual)
intersection vertex of (extended) edges e; and e to the contact vertices of these edges.
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The start and goa constraintsare:

o, = TIs (18)
rg = Ih_1+0n (19)

These define a set of nonlinear constraints over the variables g;, 6, 6.7, i, and r;”. 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 simultaneoudly.

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:
n-1 ei+ (rﬁ’—dj)sinei*—(ri‘—l—lk—l—dk)sinei‘_ 0,

tigf + + L +tn03 20
i;[.g, Wsahle Ve Wxable ndh (20)

The approximate time cost coefficient of theith jog seriesist; = kcosai/ve(r;" +r; ;) wherek isaconstant
chosen to be 1000, and o; = min(|8M"|, |8™|) is asafe jog angle for the ith jog series.

Thisis 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 jogsto execute the
translations g;.

Aninwardtrandlationdistanceg; < Orequiresaseriesof decreasingjogs, suchthatr;t =r;_ (cosy;)™cosp;
where m is a nonnegative integer, and 8™ > vy, > p; > 0. So this radius decreasing translation is accom-
plished by a series of mjogs of angley; followed by ajog of p;. Similarly, an outward trandlation distance
gi > 0 requires a series of increasing jogs, such that r;_; = r;"(cosy;)™cosp; where m is a nonnegative
integer, and 0 > p; > y; > BM",

A feasible solution aways exists if the fence islonger than the minimum stable radius of all edges. A
plan with a maximum of three stagesto get the part from the start to the goal configuration exists, although
it may not be optimal.

4.3 Detailsof Generating Feeding Plans

We now outlinethe process of generating feeding plans. From the part descriptionand coefficient of friction,
we compute the minimum stableradii for the stable edges and the transition angl es 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 (Liebman et al. [40]). See the example plansin 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.
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Figure 11: Example feeding plansfor atriangle. The goal configuration (¢g = 269°,ry = 150) isthe same,
while the start configurations are different: (a) (@s = 126°,rs = 100) (b) (¢s = 269°,rs = 100) (¢) (¢ =
0°,rs = 200).

5 1JOC Implementation

We have implemented several feeding plans on a conveyor with the fence being (somewhat ironically)
actuated by one joint of an Adept 550 SCARA robot. The conveyor speed and fence rotational speed
have been selected to be 20 mm/s and 30 degrees/s respectively. The fence is covered with afoam material
to avoid dlip between the part and the fence.

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

We have implemented the 1JOC planner in C++. We provide the planner with the part shape, center
of mass position, empiricaly 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 seconds for single stage plans and 1.62 seconds for two stage plans over a set
of 60 trials each on a Sun Sparcstation20.

An overhead cameratakes a picture to determine the pose of athe part along the fence. The configuration
is passed to our planner, which finds a plan and then generate a V+ program for the Adept robot to execute.
The system takes 5-10 secondsfrom the time the camera takes an image to the time the robot starts executing
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Figure 12: The sensorless 1JOC.

the generated plan. Thistime 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 theinitial camera snapshot.

6 TheSensorless 1JOC

We have so far assumed that a camera gives us the initial position and orientation of the part after it first
contactsthefence. With some modifications, we can perform sensorless partsfeeding withaonejoint system
over aconveyor. We call thisvariant the sensorless 1JOC. We show that any polygon can betransferred from
arandom initial configuration to a suitable goal configuration without sensing, up to symmetriesin the push
function.

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

6.1 The Sensorless 1JOC Model

The sensorless 1JOC is similar to the 1JOC with the following exceptions. The fence isfrictionlesswith a
“stop” at each end, and it is centered above the conveyor (Figure 12). Instead of pivoting about afixed point,
the fence rolls without slipping on a pivot circle so that each point on the fence follows an evolute. If this
pivot circle has radius r, then when the fence has rotated CW (CCW) by 1, it will also have moved up the
conveyor by 2r and to the left (right) by Tr. Moving up the conveyor by 2r givesthe space necessary for the
fence to push a part to an angle 11, release it, and then rotate back to O degrees and catch the part as it drifts
down the conveyor.
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Figure 13: Primitives used for sensorless orienting.

6.2 Sensorless 1JOC Primitives

The three primitives we use for sensorless orienting of polygons are catches, tilts, and stable pushes (see
Figure 13):

e A catch beginswith the part either above or on the fence. The fenceis held at O degrees until the part
settlesto a stable orientation on the fence.

o A tilt begins with the fence horizontal and the part resting on a stable edge. The fence is then tilted
CW (CCW) and the part slideswithout rolling to the right (left) stop.

e A stable push begins with the part on a stable edge at the | eft 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 isstabilized 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.
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6.2.1 Catches

A catch occurs when a part on the conveyor contacts the fence held stationary at O degrees and rotates onto
astable edge. Viewed from a frame fixed in the conveyor, each catch isalinear normal push, meaning 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 the radius function (Figure 14). The radius of a part isthe
perpendicular distancefrom areference pointin the part to asupportingline. Theradiusfunctionr : S — 0
isaplot of the radius as the supporting line is rotated, and has a period of 21t 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 afence 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
orientationsto the enclosed convergent orientation.

The push function (Goldberg [34]), obtained from the radius function, is an alternative representation of
the effect of a normal push. It isamapping p: S* — S? from theinitial relative orientation of a part to the
resulting orientation (Figure 15), and has a period of 21t We say the part has a symmetric push functionif it
has a period less than 21. A compact representation of the push functionis shownin Figure 16.

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

e Convergence time. Peshkin 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 edges. At 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 Sop interference. As 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 tiltisaCW 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 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 ssmple way of determining the maximum
tilt angle.
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Figure 14: The radius function for atriangle with its center of friction indicated by the black dot. (a) The
radius r of a part at a fence orientation 0 is 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
(Goldberg [34]).

6.2.3 Stable Pushes

When the part is 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 show
that it is always possible to choose a pivot circle radiusr, fence length, and ratio of the conveyor velacity v
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Figure 15: The push function for the triangle. The horizontal and vertical axes are the initial and resulting
relative orientations of the part. Based on (Goldberg [34]).
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Figure 16: A compact representation of the push function for the triangle. The x’s and the vertical bars
indicate the convergent and divergent fence orientations respectively, and the circle indicates wraparound at
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Figure 17: The maximum tilt angle can be derived using simple force-torque balance. Here the constraints
are represented using moment-labeling regions (Mason [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 labeled
+ and negative moment about the region labeled —. Two forces are shown—the force required for force
balance for atilt angle of zero, and aforce which just beginsto violate the constraint, defining the maximum
tilt angle. A non-zero maximum aways exists, because the polygonis on a stable edge.
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Figure 18: Frictionlesscontact forcesfrom the fence and stop can be represented as moment-labeling regions

asin Figure 17.

Fence rotation centers

vstable w

Figure 19: The set of CCW stable pushing motions V g apje represented as rotation centers. Vgape isaways
bounded from above by aline parallel to the stable edge and through the center of friction. Also shown is
an example pivot circle and the pointson the fence that roll on the pivot circle asit rotatesfrom —1/2 to Tt

to the fence's pushing angular velocity w to 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 (Lynch [41]). (Thisagorithmis
more general than the procedure STABLE, which appliesto asingleline contact.) Figure 19 showsthe CCW
stable pushing motions V g4y for the example of Figure 18. The stable pushing motions are represented as
rotation centersfixed in the part frame F,, relative to the conveyor it issliding 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 velacity v is negligible. Then during a stable push, the rotation center
in the part frame F, isthe 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 therange —r1t/2 to rt, wherer istheradius of the pivot circle, as the fence rotates from
—11/2to 1t (Note that —11/2 isthe steepest possibletilt angle.) We can see in the example of Figure 19 that
the push is stable for all angles of the fence.

ITechnically, to prove the motion is stable, we must also prove that no other motions of the part are possible. Unlike for the
procedure STABLE, thereis no general proof of this. Here we simply assumeit to be the case.
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Figure 20: Curves of the rotation center of the part relative to the conveyor during stable pushing. The
curves shown are for severa different ratios of v/w. Each curve is drawn by varying the fence angle 6 in
the range [—11/2,11]. (If the stable pushesin 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 angles —11/2,0, 11/2, TU

We can aways choose the fence to be long enough that the push is stable for al fence angles. When
the rotation center is an infinite distance away along the fence, the required contact force f is 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 counterclockwise because the part’s support friction is “above” the fence.
This counterclockwise force is provided by the stop (see Figure 18). More precisely, we can define the
largest ball B of forces about f such that all forcesin B and counterclockwise of f can be provided by the
contacts. Because B always has nonzero radius, the distance to the nearest stable rotation center is finite,
implying that we can always choose a sufficiently long fence to make pushing stableif the conveyor velocity
visnegligible.

If the conveyor velocity v 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 theratio v/w.
For afence angle 8, the rotation center locationis (x,y), X = 8r + ¢ cos(mi— 0), y = £ sin(mt— 0), where the
x axis is aigned with the fence and the origin is the point on the fence in contact with the pivot circle at
8 = 0. Therotation center traces out a curve in the part frame F, (Figure 20).

For a push to be stable, the curve must stay inside V4ape. For a given pivot circle, fence length, and
pushing vel ocity w (perhapslimited by the quasistati c assumption), wewould liketo find the highest possible
conveyor velocity v. To do this, we increase v until the curve no longer remains in Vgape (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 Vgane iS 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 in Vgape is that v < «d,
where d isthe distance from the center of friction to the stable edge. When d issmall, the conveyor velocity
v must be small relative to the fence angular velocity w. By moving the pivot circle “down” relative to
the fence, however, we can move the rotation center curves further into Vgane, alowing a higher conveyor
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Figure 21: Rotation center curvesfor different ratiosv/w. For thisexample, the maximum conveyor vel ocity
v that guarantees stable pushesis 3rw/4. For larger values, the curve leaves Vg gpje.

velocity v. There are other possible variations, but we will not consider them further.

6.3 The Feeding Property

We can now demonstrate the feeding property for the sensorless 1JOC.

Theorem 3 The sensorless 1JOC possesses the feeding property:
¢ for all polygonal parts

e for the three-dimensional space | of initial configurationssuch that the part initially comes to rest on
a stable edge, compl etely on the conveyor, against the fence fixed at 0 degrees without touching either
of the fence stops, and

e using only catches, tilts, stable pushes, and conveyor drift.

Proof: Given apart in stableedge contact with the fence, we can execute atilt to bring the part to either stop.
The fence can then rotate the part by any angle in the range (—Tt, 11) using a stable push. Each stable pushis
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 graspsto 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 initia stable edgeto some goal stable edge, up to symmetry initspush function. The goal position
must be at one of the stops; afinal tilt will be required to bring the part to the goal stop. O

To ensure that the sensorless 1JOC can orient al parts up to symmetry in the push function, the fence
must be capable of stable pushing anywhere in the range (—1t, 11) before releasing and catching. To see that
thisis necessary, consider the push function of Figure 22. There are two stable edges at angles0 and Tt— ¢,
where € isa small positive value, so the push function is not symmetric. The angle range from both stable
anglesto the counterclockwise limits of their convergence regionsis o, where d isa small positive value.

Because the distances to both counterclockwiselimits are equal, we must distinguish between the stable
edges by using the different distancesto their clockwise limits. The fence must move clockwise relative to
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Figure 22: This push function requires the fence to push the part at least 1— 0 — € radians before releasing
it and catching it. Thisalowsthe fence to change its orientation relative to the part by an angle — 11+ 0+ €,
the minimum required to distinguish between the two stable edges.
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Figure 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 line L1, and cut the top of the circle
with the line L, which is a an angle —¢ to the horizontal. The intersections of these lines with the circle
define the points A and C as shown. Draw thenormalsto L1 and L, which passthrough the center of friction.
Pivot these normals an angle d about the center of friction and intersect them withthelinesL, and L, giving
the points B and D as shown. Now construct a curve from A to B which spirals awvay from the center of
friction. Construct asimilar curve between C and D. The part is defined by the curve from A to B, the stable
edge from B to C, the curve from C to D, and the stable edge from D to A. By making the cuts, €, and &
arbitrarily small and replacing the curves with an arbitrarily large number of line segments (none of these
edgesis stable), we create a polygonal part that requires a stable push of up to Ttto orient it.

the part by a magnitude of at least T— & — €. Thisimplies a counterclockwise stable push (before the release
and catch) of the same magnitude. Asd — 0,& — 0, the required push angle approaches Tt

Figure 23 constructs a part with the push function of Figure 22, requiring a stable push of up to 1 to
orient it. The reflection of this part requires a stable push of up to —T1, indicating that the sensorless 1JOC
must be capable of stable pushesin therange (-1t 1) to orient all partsup to symmetry inthe push function.

Most parts can be oriented with an angle range much less than (—T1t, 1), and we are interested in char-
acterizing such parts. For example, it is easy to show that all triangles are orientable using the angle range
(—1/2,1/2). There exist quadrilaterals, however, that cannot be oriented up to symmetry using this an-
gle range. Goldberg and Overmars [35] showed that (—11/2, 11/2) is sufficient if parts possess no “partial”
symmetries—the distances from each stable angle to each edge of its convergence range are unique.
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Figure 24: Example sensorless feeding plan. Three different initial orientations converge to a single final
orientation. Thetiltsare not shown, and only the right half of the sensorless 1JOC is shown in this plan.

7 TheSensorless 1JOC Planner

The sensorless 1JOC can use the primitives described 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 atilt, a stable push, and a catch, bringsthe part to a known orientation. A final tilt brings
the part to one of the fence stops. Orienting a part with n stable edges takes O(n) stages, as can be shown
using Goldberg’salgorithm [34]. Since any polygon sharesits push function with an infinite set of polygons
(Akellaand Mason [3]), asingleplan can orient multiplenon-similar 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 coversit. See Figure 24 for an example plan.

The sequence of fence rotations specifies the sequence of stable pushes, each of which isfollowed by a
catch. Stable pushesin the interval (—T1, 1) 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 theinterval (0, 1), wetilt the fence
CW to bring the part to the right stop. Prior to a CW stable push in the interval (—1t,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 orientationsfor the stage.
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Figure 25: Thetwo test parts used inthe experiments. The plantofeed thetriangleisillustratedin Figure 24.

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 close to . We 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 mm/sec and fence angular vel ocities of 30 degrees/sec for stable pushes
and 6 degrees/sec for 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 sel ected from larger action ranges, we specify aminimum 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 trialson the 8-gon for different start configurations, of which 16 were successful. The
failures occurred during tiltswhen the polygon rotated away from the stable edge it was dliding on, probably
due to the nonzero friction coefficient of the fence. From our tests on thisand 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 atilt. Such edges also sometimes require small tilt angles, which may not allow diding
to proceed to completion. Another occasional failure mode occurs when a part contactsthe fence stop inthe
middle of atilt, leading to undesired part rotation as the tilt progresses.

9 Variationson 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 goa chosen from a broad range of goal configurations. We have aso shown that a
variant, the sensorless 1JOC, can position and orient polygonswithout 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
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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 analysisinstead 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, it isimportant to consider thewhole 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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