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Abstract 

A common problem in robotic assembly is that of 
mating tightly fitting parts when the locations and the 
dimensions of the parts are somewhat uncertain. It is 
necessary to be able to reason about these uncertain- 
ties in conjunction with the geometry of the parts 
involved in order to develop motion plans for assem- 
bly operations. In this paper we will present a method 
for the treatment of three types of uncertainties usu- 
ally prevalent in robotic assembly systems: uncertain- 
ties in the initial locations of parts, uncertainties in the 
control of the robot used to assemble these parts and 
uncertainties in the dimensions of these parts. The 
method we will present, used by a CAD-based plan- 
ning system we have developed, discovers which por- 
tions of an assembly operation must be carried out 
using force/torque guided motions because the com- 
posite uncertainties exceed the clearance during these 
portions of the operation. The method further suggests 
the type of force/torque guided motions that need to 
be used for these portions. With this knowledge our 
planning system formulates motion plans for assem- 
bly operations. Plans for a variety of assemblies have 
been produced by our planning system and have been 
experimentally verified on both a Cincinnati Milacron 
T3-726 robot and a Puma 762 robot. 

Problem Statement 

In any assembly operation there is always some uncer- 
tainty in the knowledge of the locations and the shapes of 
the parts to be mated; this uncertainty may exceed the 
clearances between the parts, which precludes the use of 
point-to-point motions. In such cases, it becomes ncces- 
sary to use motions that are guided by sensory feedback, 
especially of the force/torque kind. These motions are usu- 
ally referred to as fine motions or forceltorque guided 
motions. An important goal of assembly motion planning is 
the automatic discovery of those plan segments where fine 
motions are required and the precise sensory-feedback and 
manipulation strategies to be used in the execution of the 
fine motions. We have developed a planning system that is 
capable of producing assembly motion plans that incor- 
porate fine motions when the prevailing uncertainties 
necessitate their use. These plans are derived given only a 
high level description of the parts and of the assembly 
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operation involved. 
In this paper, we will discuss those aspects of our plan- 

ning system that deal with the model, the initial pose, and 
the control uncertainties. Our approach to dealing with all 
these uncertainties utilizes potential field representation of 
parts. Our potential field based approach has many advan- 
tages over the more traditional configuration space based 
methods, not the least of which is the fact that the overall 
dimensionality of the problem is not increased in order to 
deal with model uncertainties and the ease with which 
orientarional uncertainties are dealt with. 

A practical need for an assembly motion planner, such 
as ours, is best illustrated by the assembly example shown 
in Fig. 1. There we have shown a housing H containing a 
compound gear A that is already mounted on the shaft B 
and a simple gear C that needs to be mounted on the shaft 
D and, at the same time, meshed with the gear A. Because 
the clearance between shaft D and the hole in gear C is 
tight and due to the fact that gear C must be meshed with 
gear A, some parts of the motions will have to be guided 
by force/torque feedback. Our system will analyze the 
CAD models of all the parts involved and automatically 
figure out all the assembly motions for a given initial loca- 
tion and pose of the gear C. Our planner will also classify 
the motions into those that can be carried out on a point- 
to-point basis and those that must be carried out under 
force/torque guidance. 

Overview of the Planning System 

Even though the scope of this paper is limited to those 
aspects of our assembly motion planner that deal with the 
various uncertainties, we believe it is necessary to give the 
reader a brief overview of the planner. The flow of control 
of our planning system is diagramed in Fig. 2. In Phase 1 
the system ignores uncertainties and basically operates like 
a simple path planner, the path planning being based on a 
potential field representation of the parts. The potential 
field representation of parts, as first pioneered by Khatib 
(Khatib 1986) for real-time collision avoidance in robotic 
control, entails that artificial potential fields be associated 
with all obstacles and that the proximity of an object to the 
obstacles be detected by computing the total potential 
experienced by the object. Our path planner, an extension 
of the planner developed by Hwang and Ahuja (Hwang 
and Ahuja 1988), carries out a best-first search for a possi- 
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Fig 1: (a) The goal here is to mount the compound gear A 
on the shaft B and the simple gear C on the shaft D. 
We will assume the former has already been 
accomplished. (b) A motion state attribute-value 
frame created for the path segment pq. (c) A 
motion state attribute-value frame created for the 
path segment qr. (d) The motions developed to 
transition from p to q (first three motions) and from 
q to r (last three motions). 

ble assembly path through the valleys of the composite 
potential field. Further details regarding this path planning 
technique are discussed in (Gottschlich & Kak 1991a, 
Gottschlich & Kak 1991b). 

Therefore, Phase 1 of the system will have found the 
dotted line path for gear C, assuming the initial position 
and orientation of C is as shown in the figure. Phase 2 of 
the system then analyzes this path and locates segments 
that, due to uncertainties, might involve a collision of the 
parts involved. The method used to detect collision-prone 
segments of the path is based on first modifying the poten- 
tial field representations of the parts involved to take into 
account the tolerances and any pose uncertainties, and then 
computing the overall potential of the grasped part vis-a- 
vis the fixtured part -- if this computed potential exceeds 
some a priori specified threshold, a collision possibility is 
declared. All this is done in Stage 1 of Phase 2; at the end 
of this stage each segment of the assembly path is con- 
verted into a motion state, which is basicahy an attribute- 
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Fig 2: The organization of our assembly motion planning 
and execution systems. 

value frame, the various fields of this frame being the start- 
ing and the ending points for each path segment, the char- 
acterization of the motions to be carried out during that 
path segment, etc. For example, in Fig. lb and lc we have 
shown the motion states for the path segments pq and qr 
for the dotted line path in Fig. la. The attribute-value pair 
“unc-red-axes { X,Y) “ describes the axes, in this case X 
and Y, along which uncertainties must be reduced by the 
executed motions during the segment pq. Subsequently, in 
Stage 2 of Phase 2, this attribute-value pair will serve as a 
trigger for invoking the correct sequence of fine motions. 
The attribute “constraints” is null since the beginning point 
p is in free space. Finally, the attribute “mist” points to the 
assembly features germane to this segment, those being the 
feature holeC in gear C and the feature pegD of shaft D. 
Fig. lc shows the motion state for the segment qr. As the 
reader can see, the instantiation for the attribute “con- 
straints” now implies that the motion needs to be con- 
strained along the X, Y, a, 8 axes, constrained in the 
sense that those components of force and torque are main- 
tained at zero. 

Stage 2 of Phase 2 then examines the motion states, such 
as those shown in (b) and (c) of Fig. 1, and by reasoning 
via a library of available motion strategies outputs a motion 
plan. In (d) of Fig. 1, we have shown that portion of the 
motion plan that corresponds to the segments pq and qr. 
We have only shown a simplified version of the actual 
motion plan, since the real plan would also have to have 
position and force termination conditions spelled out, etc. 

The assembly motion plan is produced offline and once 
complete is ready to be run by our execution unit in an 
online mode. The purpose of the execution unit is to exe- 
cute the motions in the plan and to invoke appropriate error 
detection and recovery (EDR) routines as needed to cope 
with the often unpredictable control errors encountered 
during the execution of fine motion. These control errors 
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may be caused by a number of factors, such as the ever- 
present noise in the output of the force/torque sensor, the 
sources of this noise being accelcration/dccelcration 
effects, the unpredictable micro-collisions of the grasped 
part with the imperfections on the fixtured part, etc. (A 
discussion of these control errors can be found in 
(Gottschlich & Kak 1989)). Of course if errors occur as 
the result of an incorrect assumption on the part of our 
planner -- for instance if it assumes that the grasped part is 
small enough to move through an opening on the fixtured 
part but the wrong part was picked up by the robot -- it 
might be necessary to halt the assembly and replan the 
operation. Replanning of this nature is beyond the scope of 
our planning system because it involves task level opcra- 
tions such as locating and grasping parts, but our execution 
unit could be used to recognize the need to halt the assem- 
bly. Further details on the execution unit can be found in 
(Gottschlich dz Kak 1991a). 

The design of procedures for automatic assembly motion 
planning and execution is influenced by the representation 
used for the overall assembly. We have developed a 
representation that allows the user to input a high-level 
description of the assembly and the parts involved. Using 
methods associated with the high-level part descriptors, a 
CAD-model with incorporated tolerance information is 
produced by the system. By analyzing the mating opcra- 
tions in the assembly and the symmetries of the parts, spa- 
tial relationships between the parts in the assembly are 
found using methods similar to those discussed in (Popplc- 
stone, Liu, & Weiss 1990). Hence, the potential held 
representation and all other pertinent information required 
for path planning, uncertainty analysis, and ultimately plan 
generation can be obtained automatically using this 
representational system. Further details on our assembly 
representation are given in (Gottschlich & Kak 1990, 
Gottschlich & Kak 1991a). 

Dealing with Uncertainties 

As was mentioned above, the Phase 1 module in Fig. 2 will 
generate a collision-free path for the desired assembly 
ignoring all the uncertainties. The purpose of Phase 2 is to 
take into account the uncertainties and to segment this path 
into those parts that can be executed on a point-to-point 
basis and those that must be executed under force/torque 
guidance. Furthermore, Phase 2 must also specify precisely 
the motions along the paths. 

We consider three types of uncertainties: 
Initial pose uncertainty- Initial pose uncertainty is the 
uncertainty in the initial pose (position and orientation) 
of the grasped part with respect to the fixtured part at the 
start of the assembly mating operation. This is some- 
times referred to this as “sensing uncertainty” because 
it is usually due to uncertainties in the sensors used to 
initially locate parts in the workspace. 
Control uncertainty- Control uncertainty is the uncer- 
tainty in the motion of the robot that leads us to bc even 
more uncertain about the pose of the grasped part as it is 

moved away from the starting point. 
Model uncertainty- Model uncertainty is the uncertainty 
in the geometric (CAD) model of a part usually due to 
the manufacturing tolerances allowed on the dimensions 
of the part. 
To show how these uncertainties are specified, we need 

to tell the reader a bit about how we represent assemblies, 
a subject discussed more fully in (Gottschlich &z Kak 
I990). We use a feature-based assembly representation. 
What that means is that each part is represented as a 
conglomeration of semantically significant features, such 
as holes, threaded cylinders, spur gears, etc. Each feature is 
represented by an attribute-value frame; for illustration the 
frame for the spur-gear feature is shown in Fig. 3c. In the 
attribute-value frame of Fig. 3c, the instantiation for “csg” 
is a pointer to the constructive solid geometry representa- 
tion of that feature; the instantiation for “nom” is the 
pointer to a boundary representation of the feature in its 
untoleranced form; the instantiation for the attribute 
“mmc” is a pointer to the boundary representation of the 
feature in its “most material condition” form; etc. (We will 
have more to say about mmc later.) 

Now the part gear C in Fig. I can be formed by taking 
the difference of the additive feature “spur-gear” and a 
subtractive feature “hole;” the feature frame for the latter is 
not shown here. Every part is also represented by an 
attribute-value frame; the frame for the part gear C is 
shown in Fig. 3b. Finally, an assembly, just like features 
and parts, is also represented by its own frame; the one for 
the assembly depicted by the dotted line in Fig. 1 is as 
shown in Fig. 3a. 

The initial pose uncertainty and control uncertainty are 
specified by instantiating the respective attributes in the 
frame representation of the assembly. As shown in Fig. 3a, 
both these uncertainties are (j-vectors. The B-vector for ini- 
tial pose uncertainty represents the amount of uncertainty 
in each component of the initial position and orientation of 
the grasped part with respect to the fixtured part. Simi- 
larly, the 6-vector for the control uncertainty represents the 
amount of uncertainty incurred per unit distance traveled in 
each component of the grasped part position-orientation 
vet tor. 

Model uncertainty is specified by tolerances on the 
dimensions of features of the parts when part models are 
created via the method discussed in (Gottschlich & Kak 
1990). For instance a tolerance on the radius of the spur- 
gear feature whose attribute-value frame is depicted in Fig. 
3c is specified in the list (1 .OS) where the nominal radius 
is 1 inch with a tolerance of + .05 inch. This method for 
specifying model uncertainties was first proposed by 
Requicha in (Requicha 1983). 

Before we discuss the mechanisms available to the sys- 
tem for dealing with the model uncertainities, we must 
further explain what is meant by the ‘mmc’ attribute in the 
frames of Fig. 3. As stated earlier, the attribute ‘mmc’ 
stands for the most material condition form of the object 
represented by the frame. The value of this attribute is a 
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Fig 3: (a) The instantiated attribute-value frame used to 
represent the assembly depicted in Fig. 1. (b) The 
instantiated attribute-value frame used to represent 
the part simple gear C. (c) The instantiated 
attribute-value frame used to represent the spur- 
gear feature on gear C. 

pointer to the BRep (boundary representation) of the object 
in its most material condition, a condition that is obtained 
by enlarging the dimensions of all the additive features by 
their tolerance values and shrinking the dimensions of all 
the subtractive features, such as holes, again by their tolcr- 
ante values. If we had to check whether model uncertain- 
ties alone would demand that a certain motion be executed 
under force/torque guidance, we would look for possible 
collisions between the mmc representation of the grasped 
part with the mmc representation of the fixtured part. 
Using potential fields, such a check would be computation- 
ally simple, since all we would have to do would be to 
measure the integrated potential on the boundary of the 
grasped part, the potentials given rise to by the hxtured 
parts in their mmc forms. 

The initial pose and control uncertaintics lend them- 
selves to a unified treatment since the former is reprcsentcd 
by absolute values for the deviation vector 
(6~,6y,6~,8@,60,6~) and the latter by per unit distance 
values for the same deviation vector. So, at each point 
along a path, we can compute a total deviation vector, 
represented by (6~~,6~~,6~~,~~,60~,6~~), by adding to 
the initial pose uncertainty a distance-integrated value of 
the control uncertainty. 

To determine whether or not a given total deviation vcc- 
tor would demand that the motion to a certain point on an 
assembly path be conducted under force/torque guidance, 
the translational components, (&r,6yT,8zT), and the rota- 
tional components, (@T,G6T,G~r), are considcrcd 
separately. For the translational components, the additive 

features in the mmc form of the grasped part is enlarged by 
6xr, 6yT, and Szr along the three coordinate axes, while the 
subtractive features are shrunk by similar amounts. Note 
that is not possible to combine the mmc enlargement and 
shrinkage with the deviation-vector enlargement and 
shrinkage into a single step since the latter is a function of 
distance traveled along the path. Moreover, the mmc 
enlargement and shrinkage occurs on a feature by feature 
basis, since each feature will have its own tolerance, while 
the deviation-vector enlargement and shrinkage is applied 
uniformly to the entire grasped part. 

These modified boundary representations for the grasped 
part are then tested for collisions with the fixtured part by 
integrating the potentials due to the latter on the former. 
This testing for collisions takes place for a set of orienta- 
tions of the grasped part, the set being a sample set drawn 
from a three-dimensional region defined by the intervals 
(+&r,+Ser,+S~r). If a collision is detected for any of the 
samples, the point along the assembly path is declared to 
bc one where force/torque guided motions must be used. 
The three dimensional region is sampled uniformly. 

In case the reader is wondering why we don’t deal with 
the orientational components of the total pose uncertainty 
by finding the volume swept by the grasped part as it is 
rotated through all possible orientations in a manner simi- 
lar to what was done for the translational components, the 
answer is that the BRep for the volume swept by rotations 
would in general require transcendental functions which 
are not easily computed or represented. 

In contrast to our approach, the configuration space 
based approach, used in (Donald 1990, Buckley 1989, 
Canny 1990, Erdmann 1986, Lozano-Perez, Mason, & 
Taylor 1985), and the contact-space based approach, used 
in (Laugier 1989, Koutsou 1985), represent initial pose 
uncertainty by a three dimensional sphere in the xyz space, 
the sphere being centered at the ideal starting position. 
Note that the systems presented in (Buckley 1989, Canny 
1990, Erdmann 1986, Lozano-Perez, Mason, & Taylor 
1985, Laugier 1989, Koutsou 1985), do not at all take into 
account the orientational uncertainties in the initial pose, 
which can be as important as the positional uncertainties. 
Donald (Donald 1990) on the other hand, lumps the orien- 
tational components of the initial pose uncertainty with the 
model uncertainties. We believe using a sphere representa- 
tion for positional uncertainties is unrealistic, since it 
implies equal uncertainties along all three axes. In practice, 
that is rarely the case. For the example of Fig. 1, there 
may be no uncertainty in the Z direction for gear C if it is 
known to be originally resting on a particular work surface. 

The reader should also note the differences between 
how we represent the control uncertainty and how it is 
represented in (Donald 1990, Buckley I989 Canny 1990, 
Erdmann 1986, Lozano-Perez, Mason, $ Taylor 1985, 
Laugier 1989, Koutsou 1985), While we represent control 
uncertainties by pose deviations per unit distance intro- 
duced by the motions of the grasped part, in these other 
systems control uncertainties are represented by velocity 
cones. A shortcoming of the velocity cones is that is they 
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are inherently incapable of capturing orientational devia- 
tions in a grasped part during commanded motions. 

Also to be noted are the differences in how we treat 
model uncertainties vis-a-vis how they are treated in 
(Donald 1990). Donald has to introduce additional dimen- 
sions in the configuration space representation of a part. In 
fact, in his system every nonzero tolerance increases the 
dimensionality of the problem by one Our method for 
representing model uncertainty has no effect on the dimcn- 
sionality of the problem. In the other systems (Buckley 
1989, Canny 1990, Erdmann 1986, Lozano-Perez, Mason, 
Jz Taylor 1985, Laugier 1989, Koutsou 1985) there is no 
mechanism at present for representing model uncertainty. 

So far we have shown how points on a possible assem- 
bly path can be analyzed for whether the motions through 
those points should be free (purely position controlled) or 
force/torque guided. Next, path segments are created 
between adjacent points and are marked for fret motions 
or fine motions depending on the condition of the terminal 
point of the segment. Each segment is represented by an 
attribute-value frame we call the motion state, instantiated 
examples of which were given in Fig. 1 for the segments 
pq and qr in the assembly. Instantiations for the attributes 
are generated by further processing in Stage 1 of Phase 2 
on the basis of following considerations. 

The instantiation for the attribute “constraints” tells us 
along which of the X, Y, 2, db, 0, and Y dimensions the 
grasped is free for assembly manipulations such as tilting, 
etc, if such manipulations are called for during the final 
synthesis of the motion plan by Stage 2 of Phase 2. The 
free dimensions are dctermincd by translating or rotating 
the grasped part along the respective dimension and check- 
ing for collisions via the potential field reprcscntation of 
the fixtured part. The instantiations for the “uncertainty” 
and “mist” fields are generated for only those path scg- 
ments that are marked for force/torque guided motions. 
The instantiations for the “mist” attribute are the pointers 
to the features that are directly involved in the mating 
operations at the end point of the scgmcnt. These features 
are identified by calculating the integrated potential of each 
of the features of the grasped part separately with respect 
to each of the features of the fixturcd parts; the feature 
combinations that yield boundary integrated potentials 
exceeding a certain threshold become the instantiation of 
the “mist” field. The clearances bctwcen the features that 
are the instantiations for “mist” are used to update the 
uncertainties in the representation of the overall assembly, 
a point that will be discussed further in the next section. 

The instantiation for the attribute “unc-red-axes” are the 
axes along which the uncertainties must bc rcduccd before 
the termination of the segment. For example, for the seg- 
ment pq in Fig. 1, subsequent stages of planning must be 
aware of the fact that in order for the gear to be mated with 
the shaft, which is what must happen at point q, the uncer- 
tainties along the X and Y axes at p or the X and Y unccr- 
tainties that might be introduced by the travel from p to q 
must be smaller than the clearance between the gear and 
the shaft. To determine this, the potential function is recal- 

culated, first assuming there is no uncertainty in the trans- 
lation of the grasped part at the termination point q and 
then assuming there is no uncertainty in the orientation of 
the grasped part at point q. If, by eradicating the transla- 
tional uncertainty, the possibility of collision is eliminated, 
then the fine motion plan that will eventually be developed 
for this point needs to be one that reduces the translational 
uncertainty of the part. On the other hand, if no collision 
occurs when there is assumed to be no orientational uncer- 
tainty, then a tine motion plan to reduce the orientational 
uncertainty should be devised. 

If translational uncertainties must be reduced, collision 
tests are then made ignoring all but the X component of 
uncertainty, and similarly for the Y and Z components of 
the uncertainty. If rotational uncertainties must be 
reduced, collision tests are made ignoring all but the Y 
component (the rotation about the 2 axis) of the uncer- 
tainty, and then ignoring the Q ‘and 0 components of the 
uncertainty. In this way the exact components of uncer- 
tainty that must be reduced to avoid collision are found. 

in al eratim 
The previous section discussed the operation of Stage I of 
Phase 2 in the control flow diagram in Fig. 2; as mentioned 
before, this stage generates a list of motion states, like the 
ones shown in Fig. 1 b and lc, each state corresponding to a 
segment of the assembly path. In this section, we will 
show how Stage 2 of Phase 2 generates the final motion 
plan by reasoning over these motion states. 

Stage 2 of Phase 2 has available to it a library of stra- 
tegies, examples of which are shown in Fig. 4. Each stra- 
tegy has preconditions, a motion specification function, 
and a post-condition function. The motion state for a seg- 
ment must match the precondition part of a strategy frame 
in order to invoke the corresponding motion function. For 
example, for the motion state in Fig. lb, the segment pq 
matches the precondition of the strategy frame in (b) and 
will thus invoke the motion function torqvecsearch. This 
motion strategy, explained in detail in (Gottschlich & Kak 
1989) will allow the gear C to mate onto the shaft D even 
under tight clearances. 

Currently, Stage 2 of Phase 2 has available to it a dozen 
strategy frames. Since they cannot all be shown here, we 
have displayed in Table 1 the relationship between the 
instantiation for the “unc-red-axes” attribute of a motion 
state and the motion strategies invoked for a few cases. 
The references where the individual strategies were pro- 
posed are also given. 

So far we have left unexplained the need for the post- 
condition part of the strategy frames. To explain why such 
post-conditions may be needed, we first need to explain in 
fuller detail the workings of the Phase 2 of the planner. 
Until now, for case of explaining the other aspects of the 
planner, we have assumed that control Ilows sequentially 
from Stage 1 to Stage 2 of this Phase. However, that is not 
true, as will be evident from the explanation to follow. 
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Fig 4: (a) A strategy for point to point motion through free 
space. (b) A strategy for reducing the X,Y 
uncertainty by moving along the torque vector in 
the X-Y plane. (c) A strategy for reducing V 
uncertainty by rotating about Y until certain 
termination conditions are sensed. 

Unc-Red-Axis Strategy that might be used here 
XandZ Biased search in X direction 

(Inuoe 198 1) 
X,Y,andZ Search along torque vector 

(Gottschlich & Kak 1989) 
X, Y, 2, Qr, and 0 Tilt and slide (Inuoe 1981) 
Y Rotational starch (Gottschlich 

& Kak 1991b) 
X,Y,Z,@,@,Y Convex peg in hole (Strip 1988) 
X,Y,Z,@,O,Y Multi-peg tilt and slide 

(Gottschlich & Kak 199lb) 

Table 1: Some strategies currently in use in our system. \ 
As was mentioned before, the initial assembly path is 

calculated by Phase 1 by ignoring all uncertainties. This 
path is then processed by Phase 2 in the manner indicated 
in Fig. 5. Stage 1 of Phase 2 first performs uncertainty 
analysis on as much of the path as possible, ending either 
when the entire path has been examined or when a point on 
the path has been discovered that requires force/torque 
guided motions. The path points analyzed so far for uncer- 
tainty are grouped into point-to-point straight lint seg- 
ments and the last point where the riced for force/torque 
guided motions was discovered is made a part of the last 
straight line segment. That is how the segment pq would be 
constructed for the example of Fig. 1. 

Stage 1 --.-. . . . . 
Stage 2 

Fig 5: The Phase aflow of control. 

As shown in Fig. 5, these segments are then passed on to 
the Stage 2. Now, depending on whether or not 
force/torque guided motions are needed in a segment, 
Stage 2 does different things. For the example of Fig. 1, all 
the segments until the segment pq will take the right 
branch and, through the invocation of strategies as 
explained before, will result in the creation of the motion 
specifications for the respective segments. 

On the other hand, when a segment calls for force/torque 
guided motions, as would be the case for segment pq, the 
left branch would similarly invoke the appropriate strategy 
frame and output the corresponding motion specifications. 
Additionally, the left branch will execute the post condi- 
tion of the strategy frame. For the segment pq, as was men- 
tioned before, the strategy frame search-along-torque- 
vector is invoked. The post condition of this frame says 
update-uncertaintyo. What that means is that subsequent 
to the gear mating with the shaft, the relative uncertainties 
between the two may be determined by their clearances, as 
opposed to by the initial pose and the path-integrated con- 
trol uncertainties; the smaller of the two are taken to be the 
dominating uncertainties. Before any further points on the 
assembly path are analyzed, the initial pose uncertainty of 
the grasped part must therefore be updated. This updating 
is done by the post condition function and the updated 
information resides in the frame representation of the 
assembly. Now, as shown in Fig. 5, the control shifts back 
to Stage 1. 

A factor limiting the scope of our planner currently is 
the small number of available fine motion strategies from 
which it has to choose. However, the focus of our work so 
far has been focused on the issue of how to analyze uncer- 
tainties in conjunction with assembly geometry to decide 
when fine motion must be used and to characterize the type 
of fine motion strategy required rather than on the imple- 
mentation of fine motion strategies. In the future we intend 
to consider the development of additional strategies to fill 
gaps left currently by our library. 
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Implementation and Experiments 

This assembly motion planner, called AMP-CAD, is writ- 
ten in Common Lisp and C. The Common Lisp part, writ- 
ten in an object oriented style using CLOS, is used for 
orchestrating the overall flow of control in accordance with 
Figs. 2 and 5. CLOS is also used for the representation of 
parts and assemblies; this representation contains facilities 
for interfacing with the TWIN solid modeling package, 
which itself is written in C. Common Lisp is also used for 
the programming of Stage 2 of Phase 2 (see Fig. 2). 

We have used the motion plans generated by AMP-CAD 
to carry out assemblies on both a Cincinnati Milacron 
T3-726 robot and a Puma 762 robot. In the Robot Vision 
Lab we have a robot-indcpcndcnt interface, written in 
Common Lisp and C, which allows us to specify motion 
commands in a robot-independent format. The Plan Exccu- 
tion Unit shown in Fig. 2 translates the assembly motion 
plan into a sequence of motion commands that can be 
understood by this interface, causes the execution of these 
commands, and performs error dctcction and rccovcry 
(EDR). 

In general, we have found that the plans produced by 
AMP-CAD are feasible roughly 85 percent of the time. 
That is to say if we made 100 attempts to execute on a 
robot the motion plan for a particular assembly, roughly 85 
attempts would be successful. The rest of the attempts 
would fail because of the failure of one of the compliant 
motions due to the unpredictable aspects of force control 
(Gottschlich & Kak 1989). A compliant motion under 
EDR fails when its execution gets stuck in the endless loop 
of error detection and recovery; this is more likely to occur 
when the uncertainties at the beginning of the compliant 
motion are large in relation to the clearance bctwecn the 
parts. 
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