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Abstract

In this paper, we focus on the crucial step in a pick-and-
place operation — the choice of grasp. We describe a new ap-
proach to choosing grasps, implemented in the task level plan-
ning system HANDEY, which attempts to deal in a general fash-
jon with the interaction between the choice of grasp and the
choice of paths to reach the grasp. The approach is based on a
systematic use of the configuration-space representation of the
motion constraints on the robot. A very simple and efficient al-
gorithm for approximating the configuration-space constraints
leads to a practical method.

Introduction

The goal of the HANDEY project is to endow an industrial robot
with the most basic competence one expects of a device built to
manipulate objects: the ability to pick up user-specified objects
and place them at user-specified positions. This type of manip-
ulation problem is called a pick-and-place problem. Note
that pick-and-place represents a small subset of the manipula-
tion problems we would ultimately expect a robot to perform.
But, almost every manipulation problem contains some aspect
of the pick-and-place problem.

Figure 1: Interaction between stability of a grasp and collisions
with obstacles.

In this paper, we focus on the crucial step in a pick-and-
place operation, which is the choice of grasp. We describe a new
approach to choosing grasps, implemented in HANDEY, that at-
tempts to deal in a general fashion with the interaction between
the choice of grasp and the choice of paths to reach the grasp.
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Figure 2:
its.

Interaction between grasp choice and kinematic lim-

We will start by reviewing the constraints on the choice of
grasp imposed by a general pick-and-place operation. Then, we
will describe our approach to dealing with these constraints.

Pick-and-place constraints

The following list summarizes the constraints that must be sat-
isfied by a valid pick-and-place operation:

1. A collision-free, kinematically feasible path exists from the
robot’s starting point to the grasp at the object’s pickup
position (and orientation).

2. The grasp is stable; that is, the object will not twist or slip
relative to the gripper.

3. This grasp is such that no part of the robot is in collision
with any obstacle at either the object’s pickup or putdown
position.



4. The grasp is kinematically feasible at both the ob ject’s
pickup and putdown position.

5. A collision-free, kinematically feasible path exists from the
object’s pickup to its putdown position for the robot hold-
ing the object.

6. A collision-free, kinematically feasible path exists from the
object’s putdown position to the robot’s final position.

Figure 3: Interaction between grasp choice and pickup depar-
ture path.

Figure 4: Interaction between grasp choice and putdown de-
parture path collisions.

Figure 5: Interaction between grasp choice and putdown de-
parture path kinematic constraints.

While the robot must execute the steps of a pick-and-place
operation in the above order, it is not advantageous to actually
plan them in this order. The problem is that valid choices
made early in the sequence can eliminate all valid choices for
steps later in the sequence. For example, the choice of an initial
grasp may preclude finding a valid placement at the destination.
These interactions are examined in more detail below.

A few examples will illustrate how a plan may fail if each of
the above constraints is satisfied in isolation. Figure 1 demon-
strates a simple interaction between the choice of a stable grasp

and collisions with obstacles in the world. The most stable
grasp for picking up the trapezoidal-shaped block in Figure l.a
would clearly be a grasp in which the fingers of the gripper
overlap the center of the largest visible face (marked with an
‘X?). However, if the goal is to place this block behind the cube
as in Figure 1.b it can be seen that this is possible only if a less
stable grasp is chosen in the preceding step.

Another common way for a plan to fail is choosing a grasp
which is kinematically incompatible with the commanded put-
down position. See Figure 2. The goal in this case is simply
to rotate the wedge shaped object about its lower left edge —
yet it is impossible for the robot to accomplish this if it makes
the most obvious choice of initial grasp. People can solve both
preceding problems by making the obvious grasp choice then
repositioning the part in their hand on the way to its putdown
position. Such an option is unavailable to two fingered robots.

Some more subtle interactions are depicted in figures 3, 4,
and 5. Suppose that in the first of these we wish to rotate the
block about its lower left edge. The grasp shown satisfies the
stability requirement, it produces no collisions with any obsta-
cles, there is a kinematic solution at both the pickup and put-
down positions, there is a viable path from the robot’s starting
position to the grasp, and the robot could find a viable depar-
ture path. However, as can readily be seen, for this choice of
grasp there is no collision free path that will achieve the goal.

Figure 4 shows a ‘T* shaped block that the robot has just
placed in its final position on the table. Even at this point the
grasp choice can cause problems. In this example it is impossi-
ble for the robot to extricate itself without colliding either with
the object it has just placed or the block behind the gripper.

At first glance Figure 5, which shows the placement of a ‘T*
shaped object on the large block, seems to have succeeded. In
fact, once again the combination of grasp choice and kinematic
solution at the putdown position has caused the failute of a
plan. In this case the shoulder joint (which connects the large
horizontal cylinder and the large wedge shaped link) and the
elbow joint (which connects the two wedge shaped links) are
both so close to their kinematic limits that it is not possible for
the gripper to move away from the object.

Previous work

There has been a substantial amount of previous work in grasp-
ing. A very thorough review of this work can be found in
[Pertin-Troccaz 89]. Most of this work has focused on grasping
the part in a particular environment without considering all the
constraints required to ensure the success of a pick-and-place
operation.

Our previous work on grasping in HANDEY [Lozano-Péres
et al. 89] has considered some approximation to these con-
straints. But, because the earlier planner employed an incre-
mental path search technique akin to the potential-field method
[Khatib 86], we could not deal with a very precise form of the
constraints. In particular, when approaching a grasp we at-
tempted to avoid the union of the obstacles at the pickup and
the putdown positions. If a path to a grasp point could be
found that avoided this union, then one could guarantee that
the grasp was feasible. However, this constraint is too strong.
The approach path itself does not need to be constrained by the
obstacles at the putdown; it is only the final grasp that should
be so constrained. This distinction was essentially impossible
to capture using our previous approach.

The approach to grasp-planning presented here deals in de-
tail with most of the pick-and-place constraints when choosing



a grasp, for example, guaranteeing safety, kinematic feasibil-
ity, and reachability at both pickup and putdown. One other
constraint is not handled at all (except to detect a violation),
namely, guar ing that the choice of a grasp does not pre-
vent the robot from taking the grasped object from its pickup
point to the goal.
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Figure 6: A sample pick-and-place problem. The highlighted
object must be repositioned to the location indicated by the
dashes

Flange
Body
-,
a LA c a e

Figure 7: (a) The gripper is modeled as four rectangular solids:
fingers labeled +z and —z, a body, and a flange. This type
of model is adequate for most parallel-jaw grippers. (b) Planar
representation of the gripper. (c) Scan line representation. (d)
Scan representation of orientation independent finger overlap
region. (e) Finger non-overlap region

Some basic assumptions and decisions

Our approach to grasping is carried out under the following
simplifying assumptions:

1. All the objects are modeled as polyhedra, including non-
convex polyhedra. The actual objects may have smooth
surfaces but the system will treat them as polyhedra. Fig-
ure 6 shows a simple pick-and-place operation of the type
that we are addressing.

2. The robot grasps objects using parallel jaw grippers. Fig-
ure 7.a shows the model of a parallel-jaw gripper we use.
The dimensions can be specified by the user, the key mod-
eling assumption is the division into four independent com-
ponents.

3. At least one object face is involved in a grasp thus there
is a well-defined grasp plane parallel to this face. The
approach to and departure from a grasp is done with the
fingers moving parallel to the grasp plane. See Figure 8.

4. The grasp process is separated into the following phases:
(a) Joint-interpolated gross motion from the origin to
grasp approach point. This is planned using the

gross-motion planner described in [Lozano-Pérez et al.
89].

685

(b) Cartesian motion of the gripper in the grasp plane
from the grasp approach point to the grasp point.

(c) Joint-interpolated gross motion of the arm to the des-
tination with the grasped object.

(d) Cartesian motion of the gripper in the grasp plane
from the grasp point to the grasp departure point.

The grasp planner chooses the grasp point, the grasp ap-
proach and departure point, and the cartesian paths for
the gripper to and from the grasp point.

5. The joint-interpolated gross motions in the grasp plan are
planned independently and without regard for any consid-
erations of grasping. This is the key point where the grasp
planner ignores interdependencies in its decisions. As we
saw earlier, the choice of grasp should take into account
the existence of a gross motion between the pickup and
putdown positions. We have compromised this guarantee
in exchange for computational efficiency.

6. All of the planar objects that we deal with in the algorithm
are approximated using a scan-line representation. An ex-
ample of the scan-line representation of a planar gripper
model is shown in Figure 7.c. This is a standard represen-
tation used in graphics to paint polygons onto a raster-scan
device. The scan-line representation allows the computa-
tion of the configuration-space (C-space) constraints for
arbitrarily shaped objects in a simple and efficient fashion.
See section C-Spaces for scan-converted objects.

Figure 8: The motion of the gripper wrist while grasping the
V" shaped object is confined to the plane in a. The motion of
the —z finger sweeps out the volume in b.

Outline of the approach

The approach to planning a grasp proceeds as follows:

1. Choose a pair of features to grasp. As pointed out earlier,
at least one of the features should be an object face. We
will not concern ourselves with this choice here; we assume
the grasp features have been chosen and that the grasp
plane has been determined.

2. Project any obstacles that could intersect the path of the
gripper while moving in the grasp plane into the grasp
plane. In fact, four different projections are made: one for
each of the basic components of the gripper. These planar
projections represent the obstacles for a planar projection
of the gripper moving in the grasp plane. These projections
are done for obstacles both at the pickup and putdown
location. Figure 9 shows what these obstacles look like
for each of the gripper components in the sample problem
from Figure 6. Note that the obstacles are defined in the




coordinate system of the grasp face. The obstacles from the
pickup and the putdown locations are not merged at this
point; that would overconstrain the motion of the gripper.
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Figure 9: Obstacles for each of the gripper components at the
pickup and putdown locations.

Figure 10: (a) The set of candidate grasp points and (b) the
set of candidate approach or departure points for our example.

3. At this point we characterize the locations of the gripper

that are candidate grasps and those locations that are can-
didate approach/departure points. A candidate grasp is
one in which the gripper fingers overlap some part of both
grasp features and overlaps none of the projected obstacles.
A candidate approach/departure point is a position where
the gripper fingers overlap neither of the grasp features
and none of the projected obstacles. In principle, we would
need to characterize gripper locations as both positions and
orientations in the grasp plane. We simplify the problem
by considering inscribed and circumscribed circles in the
gripper fingers and requiring that the inscribed circle over-
lap the intersection of the grasp features (for a grasp point)
and that the circumscribed circle not overlap the union of
the grasp features (for approach/departure points). The
center of the circles is used to characterize the position of
the gripper. See Figure 7.d. The non-hatched areas in
Figure 10 show (a) the set of candidate grasp points and
(b) the set of candidate approach/departure points for our
example,
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Figure 11: A typical set of z,y slices representing the gripper
position constraints for different orientations of the gripper.

4. Now, we compute a set of representations of the configura-
tion space of the gripper; one for moving near the pickup
point and another for moving near the departure point.
What is actually computed is an approximation to the
motion constraints of the whole robot while the gripper
is moving in the grasp plane. For such a cartesian motion,
the C-space of the robot can be parameterized by (z,y,8)
where z,y characterizes the position of a reference point on
the gripper (the center of the grasp circle used above) and
the 6 is the orientation of the gripper relative to the coor-
dinate frame of the object face. These z,y,8 constraints
are computed as a set of 2,y slices each defined for some
range of 8. The details of this computation can be found in
the C-sp for scan ted objects seciton Note that
the C-space constraints must first be computed for each
of the gripper components and then merged into one set
of slices for the whole gripper and then modified to incor-
porate the constraints on the rest of the robot. A typical
set of slices representing the gripper constraints are shown
in Figure 11. (In all C-space drawings the horizontal lines
indicate unreachable points and white areas indicate reach-
able points. The object face is superimposed for clarity.)

5. The key step is now possible. We can search in the com-
bined C-spaces for pickup and putdown for a combination
of grasp approach point, grasp point, and grasp departure
point that can all be connected in the configuration space,
that is, for which collision-free space paths exist. See Fig-
ure 12. This step is described in more detail in the next
section.

Searching for an approach and departure
path

The choice of grasp, approach, and departure points is done by
a search process that looks for a set of connected points in the



Figure 12: For gripper orientation § = —x/8: (a) The set of
points for which a grasp exists at both pickup and putdown. (b)
The set viable approach points. (c) The set of viable departure
points.

C-spaces at pickup and putdown. The goal is to find:

¢ An approach point in some orientation of the pickup C-
space that is a candidate approach/departure point, i.e.,
does not overlap the grasp features.

This point must be connected through the empty areas of
the pickup C-space to a candidate grasp point, i.e., one
that overlaps both faces. This point can also be at any
orientation in the C-space.

This candidate grasp point must also be connected to a
legal departure point at some orientation in the putdown
C-space.

This search is carried out by starting with the candidate
grasp points and marking regions in adjacent slices of the pickup
and putdown C-spaces that are reachable. The search termi-
nates in each C-space when we reach approach/departure points
in the corresponding pickup and putdown C-spaces that are
collision-free.

C-spaces for scan-converted objects

The computation of configuration-space constraints for a mov-
ing object is often thought of as a very time consuming opera-
tion. It is true that as the degrees of freedom of the moving ob-
ject increase, the time to compute explicit C-space constraints
grows exponentially with the number of degrees of freedom.
This is natural since, after all, one is computing volumes in
these spaces. However, for low-order C-spaces, it is possible to
devise efficient algorithms for such computations. For exam-
ple, the C-space obstacle corresponding to a convex translating
polygon and a convex stationary obstacle can be computed in
linear time [Lozano-Pérez 83]. One could use this algorithm
as the basis for a slice approximation for a rotating moving
object. Two practical difficulties arise in doing this: (a) non-
convex objects must be partitioned into convex objects and (b)
some representation of the empty space outside of the obstacles
must be constructed. The latter is usually the more cumber-
some task.

In fact, one simple way of avoiding both of these practical
problems is to represent the input objects and the C-space as
arrays. Then there are simple algorithms for computing the
C-space constraints and the array provides a natural represen-
tation. This approach has been used in many implementations.
Of course, such a representation does not take advantage of any
of the coherence in the input or output; each point is treated
separately. A boundary representation is at the other extreme;
it exploits coherence, but the algorithms are more difficult.

There are two well-known techniques for exploiting coher-
ence in arrays: one is the quad-tree representation and the
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other is the scan-line (sometimes known as run-length encod-
ing) representation. A number of researchers have suggested us-
ing quad-trees for computing C-space constraints [Faverjon 84},
[Noborio, Naniwa, Arimoto 89]. Typically, they assume that
the objects are represented by their boundary description and
the quad-tree is used to represent the C-space obstacles. We
have adopted the scan-line representation because we believe
it leads to simpler algorithms. Furthermore, we have adopted
a scan-line representation for the input objects as well as for
the C-space constraints. This leads to extremely simple and
efficient algorithms.
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C-Space Obstacle

Figure 13: The range of positions of the moving object that are
forbidden due to the possible collision of one scan line of the
moving object with one scan line of the stationary obstacles.
Line ab from the stationary object and line cd of the moving
object generate C-space obstacle line ef.

The basic operation of the algorithm is the computation of
the range of positions of the moving object that are forbidden
due to the possible collision of one scan line of the moving ob-
ject with one scan line of the stationary obstacles (Figure 13).
The resulting slices are simply merged into a scan-line represen-
tation of the output. An important speedup can be obtained
by never computing the detailed constraints for a C-space slice
that is already full.

The z,y,0 C-space is approximated simply by repeating
this process for different ranges of orientation of the gripper.
The current implementation computes slices only on demand
as they are needed to find a path. This is easy to do, as the
search proceeds sequentially through the slices until an answer
is found.

The algorithm we have been describing handles the con-
straints due to collisions of the gripper with nearby obstacles.
In fact, we also need to consider two other sorts of constraints:
kinematic feasibility and collisions with other parts of the robot.

Kinematic constraints

The limitation of the motion of the gripper to the grasp plane
simplifies the grasp planning tremendously since it reduces a six
degree-of-freedom motion-planning problem to a three degree-
of-freedom problem. The disadvantage of any such cartesian
planning problem is that the kinematic feasibility becomes a
major problem. In the joint-space of the robot, kinematic
limits can be represented very easily; not so in the cartesian
space. Our approach to this problem is to use a very simple
pre-computed approximatior to the reachable workspace of the
robot. The representation is chosen to mesh well with the de-
mands of the grasp planning process.

To understand our representation imagine the robot grip-
per at a fixed location in the workspace with the gripper aligned
to some specified plane. Then the only degree of freedom is the
range of orientations of the gripper about the normal to the



plane. There will typically be a single range for each of the dis-
tinct configurations of the robot, e.g., elbow up or elbow down.
What we do is compute these ranges for a large sample of plane
orientations at a particular point. Then we consider a series of
nearby points, repeat the process and intersect the resulting
ranges for each plane. We discard any small ranges remaining
after the intersection. This process needs to be done only once
for a particular robot and gripper.

The result of this process is a conservative characterization
of the kinematics in some region of the workspace. The result-
ing ranges represent legal orientations of the gripper within
some region when the gripper is in a particular grasp plane.
When building the C-space constraints for a particular grasp,
we identify the nearest region and the nearest kinematically
characterized grasp plane within the region. Then, we only
need to consider ranges of 8 within the legal ranges stored there.

L

Figure 14: Merging gripper and arm constraints. (a) C-space
constraints due to gripper and obstacles. (b) C-space con-
straints due to arm kinematic limits and collision of arm with
obstacles mapped into grasp plane. {¢) Union of all constraints.

Considering the rest of the robot

The constraints we have discussed so far are limited to potential
collisions with the gripper. In general, we need to consider
potential collisions with the rest of the robot. We do this as
follows.

The joint-space gross-motion planning algorithm used in
HANDEY computes a representation of the valid regions in the
joint space of the first three joints of the robot. These regions
are represented as a collection of legal ranges of the third joint
defined for all reachable combinations of the first two joints.
The range of motion of the third joint for fixed values of the
first two joints trace out circles in the work space where the
robot wrist (at the end of the third joint) can be positioned.

Every position and orientation of the gripper also defines a
unique wrist position. When the gripper is moving in the grasp
plane, all the wrist position will also be in a plane, call it the
wrist plane, parallel to the grasp plane. For a position and
orientation of the gripper to be valid, its corresponding wrist
position must also be one of the wrist positions generated by
the valid range of joint computed by the gross-motion planner.
This is a necessary but not sufficient condition; one must also
satisfy the full kinematic constraints that capture the limited
range of motion of the wrist angles, but we have already done
that as in the previous section.

The intersection of the wrist circles defined by the valid
joint angles (from the gross-motion planner) with the wrist
planes at pickup and putdown characterize all the wrist po-
sitions reachable without an arm collision. These positions can
be transformed directly into constraints on the legal position
and orientation of the gripper and used to limit the C-spaces.
See Figure 14.
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Conclusion

The method outlined here represents a tradeoff between gener-
ality and efficiency in planning grasps. The current implemen-
tation is somewhat slower than our earlier more conservative
implementation based on potential fields but it tends to find
grasps more reliably than the earlier one, thus reducing the
need to plan expensive regrasping operations. Finding a so-
lution for the sample problem from Figure 6 requires building
a single @ slice of the C-space and requires approximately 20
seconds to plan (in Lisp on a Sun Sparcstation 1). More than
half that time is devoted to the initial obstacle projection into
the grasp plane; this needs to be done only once (for a given
choice of grasp plane). Each additional  slice can be computed
in a few seconds (between five and ten). Further elaboration of
the algorithm should produce an implementation that is even
faster than the less powerful incremental method.

The main limitation of the method as described above is
that it does not take into account the effect of the choice of
grasp point on the existence of a path from pickup to putdown.
This is a difficult problem that deserves further work.
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