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Abstract

A methodology is presented for planning fine-motions for assembly operations
in the presence of position, velocily, and model uncertainty. A nominal as-
sembly motion plan, computed without regard to the effects of uncertainty, is
provided a priori. The critical points where collisions and jamming are likely
to occur are first identified in the nominal trajectory. The configuration space
of the assembly is then linearized about each critical point, producing local, hy-
perpolyhedral contact spaces that provide simplified motion planning domains
in which to synthesize piecewise-linear trajectories. The hyperpolyhedral con-
tact spaces are constructed with eztra dimensions, one for each toleranced
assembly part parameter. A heuristic search is performed in these general-
ized contact spaces to select a fine-motion trajectory that can be ezecuted in
the presence of position, velocity, and model uncertainty without deviating
Jrom a predictable sequence of contact states. A hybrid control strategy is
then generated for iraversing each contact state in the sequence.

1Preparation of this paper was supported by grants CDA-8922572 and IRI-9023355
from the National Science Foundation.



1 Introduction

In the “two-phase” approach to fine-motion planning with uncertainty, a
nominal trajectory is first computed in free space, without considering the
effects of position, velocity, and model error, which are then accommodated
in a second phase of planning. Accommodation of uncertainty in the second
phase can involve the use of corrective compliance, in which forces on the
moving part are made to relate to its position [26][31], velocity [14][24][30]
or acceleration [2][15]). A carefully-chosen compliance behavior will map the
contact forces that develop between the assembly parts to corrections in the
moving part’s trajectory. Another approach relies on the logical switching of
control strategies, whereby deviations of the moving part from the nominal
trajectory trigger error recovery strategies or patch-plans, which may be
computed off-line [1][12] or on-line [8][32]. The prediction of assembly failure
through simulation can also guide the iterative modification of the nominal
trajectory or its initial conditions [3)[20][28].

In the “single-phase” category of fine-motion planning techniques, con-
tact space trajectories are synthesized “from scratch”, without the benefit
of a nominal trajectory provided a priori. Uncertainty considerations guide
the selection of a fine-motion trajectory in the generate and test approaches
[5][7][17], as well as the LMT methods [4]{11][13][21]. In the former methods,
candidate nominal motion plans are subjected to uncertainty analyses based
on the forward-projection of pose uncertainty regions along the command
trajectory, whereas the LMT methods employ backprojections or pre-images
of uncertainty regions. Some contact space planning techniques do not deal
with uncertainty directly [10][16]29], but attempt to restrict the assembly
motion to the 1-dimensional facets of contact space, where executed motions
are virtually free of uncertainty.

Other fine-motion planning research has focused on individual tasks, most
notably the peg-in-hole task, for which applied force constraints have been
derived [5][23][25](27](31] for preventing jamming (static friction) and wedg-
ing (sticking with part deformation) in the in the various contact states that
might be encountered along an uncertain trajectory. In the approach of [5][6],
the initial pose of the peg is perturbed to an off-center approach position,
restricting the assembly motion to a predictable sequence of contact states,
thereby simplifying the task of preventing jamming in each encountered con-
tact state. The use of hybrid control to traverse contact states whose iden-
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tities are known at the time of execution has also been explored [9][18][22],
combining the precision of position control with the Ja.mmmg-avmdance ca-
pabilities of force control.

This paper presents a “two-phase” approach to fine-motion planning with
uncertainty. Building on a methodology previously developed [7], a nom-
inal mating trajectory is first computed by a high-level assembly planner,
such as KA3 [19], without regard to the effects of uncertainty. The critical
points are then identified in the nominal trajectory, signifying the “trouble
spots” where jamming and collisions are likely to take place. The config-
uration space of the assembly is then linearized about each critical point,
producing local contact spaces comprised of hyperplanar C-surfaces. The
linearized contact spaces provide simplified domains in which to synthesize
a piecewise-linear trajectory that will pass through a predictable sequence of
contact states. Moreover, the local C-spaces may be constructed with extra
dimensions for tolerances in the assembly part parameters. These general-
ized C-spaces are local, linearized versions of the one introduced by Donald
[11]. Adopting a generate-and-test paradigm, candidate piecewise-linear tra-
jectories are judged for reliability using an uncertainty analysis technique
described in [7]. A heuristic search is performed in generalized contact space
to select a trajectory that is optimal with respect to its reliability in the pres-
ence of uncertainty. Laugier [17] has also used a heuristic search of contact
space to select fine-motion trajectories, but the representation of contact
space, as well as the heuristics employed, bear little resemblance to those
incorporated in the current approach. Finally, a hybrid control strategy is
generated for each contact state traversed by the fine-motion trajectory.

2 An overview of the current approach

The nominal trajectory provided by the high-level planner translates a mov-
ing part relative to a stationary part from free space to a goal configuration.
The nominal trajectory is derived geometrically from solid models whose di-
mensions do not allow for clearances at the insertion sites, so the moving
part is not free to deviate from the nominal path. The moving part in fig-
ure 1, for instance, can neither rotate nor deviate laterally from its nominal
trajectory, after the insertion has begun. With the introduction of clearances
to the models, however, the moving part is free to move in a 6-dimensional



C-space, with 3 translational, and 3 rotational dimensions. The insertion
clearances, which are specified by the designer of the assembly parts, are
introduced just prior to the second phase of planning, which is the focus of
this paper.

The present approach adopts the robotic assembly paradigm in which the
moving part is first servoed visually to an initial pose in free space, and then
translated along a specified sliding trajectory toward a goal relationship with
the stationary part. Due to visual positioning error and control velocity error,
the moving part’s trajectory deviates laterally from the command trajectory,
and the assembly may fail to reach the goal configuration if the command
trajectory is not chosen with regard to the effects of uncertainty. Jamming or
wedging can also develop in the course of the sliding motion if precautions are
not taken to avoid static friction conditions in each contact state that might
be encountered. In order to manage the uncertainty involved in the moving
part’s trajectory and simplify the problem of jamming avoidance, our fine-
motion planner synthesizes a command trajectory that restricts the path of
the assembly to a predetermined sequence of contact states. An uncertainty
analysis is performed to determine if a candidate trajectory can be executed
in the presence of uncertainty in the initial pose, velocity, and dimensions of
the assembly parts without deviating from the chosen sequence of contact
states.

The “trouble spots” where collisions can occur during the assembly op-
eration are called the critical points (CPs) in the trajectory (see figure 1).
These are just the configurations where the set of contacting surface features
changes along the nominal trajectory, when clearance-free solid models are
involved. Given a nominal trajectory and a pair of solid models with nonzero
clearances, the goal of the second phase of fine-motion planning is to formu-
late a fine-motion plan to successfully maneuver the moving part through the
6-dimensional C-spaces associated with the CPs. Between the CPs, the tra-
Jjectory can usually be confined to a 1-D crevice of contact space, minimizing
uncertainty in the moving part’s trajectory. Therefore, our fine-motion plan-
ning method focuses on the more troublesome CPs, and trajectory planning
takes place within the local contact space surrounding each CP.

The local 6-dimensional C-space surrounding a CP is bounded by 5-
dimensional C-surfaces, each of which corresponds to a primitive contact that
can occur at the CP (see figure 2). For polyhedral objects, each primitive
contact is a single-point contact involving either a convex vertex and a face,
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Figure 1: The critical points in a nominal trajectory.

or two convex edges. Pairs of primitive contacts that can occur simultane-
ously correspond to the 4-dimensional contact states, i.e., the 4-dimensional
facets of contact space. In general, n primitive contacts restrict n of the
moving part’s 6 dofs, confining its pose to a 6 — n-dimensional contact state,
i.e., a 6 — n-dimensional facet of contact space (see Koutsou [16]).

To support the search for an optimal sequence of contact states within
each CP’s local contact space, each contact space is constructed as an ad-
Jacency graph of contact states, implicitly representing all of the possible
sequences of contact states in a fine-motion plan. Since it is unrealistic to
attempt to establish or separate two or more primitive contacts at exactly
the same time, a pair of contact states is only considered adjacent if their
dimensionality differs by one. Consequently, any sequence of contact states
selected from the graph will involve contact state transitions requiring the



Contact States
Representing

S-Dimensional
Facets

-
.....
........
........
-----

-
.o®
.............
........

Contact States
Representing
4-Dimensional

Facets

-8le
" LT T,
.o oo,
*tevnnsne.

Contact States
Representing
3-Dimonsional

Facets

124 133 123

Figure 2: Adjacency graph of contact states at a critical point.

establishment or separation of exactly one primitive contact at a time.

Assuming the insertion clearances are small, as is usually the case in in-
dustrial assemblies, the local contact space around each CP is approximately
hyperpolyhedral. As described in section 3, a hyperpolyhedral representation
of each CP’s C-space is derived by linearizing each C-space around its CP con-
figuration. A candidate fine-motion plan for traversing the local contact space
surrounding a CP consists of a specified sequence of contact states, together
with a piecewise-linear trajectory through the specified states’ hyperpolyhe-
dral approximations. Each candidate trajectory is subject to an uncertainty
analysis, to determine if its associated sequence of contact states can be
successfully traversed in the presence of initial position, velocity, and model
error. In order to perform uncertainty analysis incorporating model error,
each hyperpolyhedral contact space is constructed in a higher-dimensional,
generalized C-space with extra dimensions for variable model parameters (see
Donald [11]).

By verifying through uncertainty analysis that only a preselected se-
quence of contact states will be traversed, the identity and geometry of each
successive contact state will generally be known at the time of execution.



Hybrid Control Strategies:

H% : Move compliantly In C-state dq
with velocity v,
until C-state q,

H;z: Move compliantly In C-state q,
with velocity v
until C-state q,,

H} 25: Move compliantly in C-state q,,
with velocity Vo
until C-state Q05

Figure 3: Hybrid control strategies for traversing contact states.

This enables us to utilize hybrid control for traversing the selected contact
states, whereby the n surface tangents of an n-dimensional contact state are
position-controlled, while the remaining 6 — n are force-controlled. As shown
in figure 3, a hybrid control strategy is specified for each contact state in the
fine-motion plan in terms of the contact state to be traversed and the com-
mand velocity to execute in that state, plus a termination predicate, to signal
the hybrid control strategy for the next contact state. The piecewise-linear
trajectory determines each command velocity, and each subsequent contact
state’s force signature supplies the termination predicate.

A heuristic search is employed to select efficiently the best sequence of
contact states and target points for traversing a CP’s C-space. A cost func-
tion evaluates the relative merits of alternative piecewise-linear trajectories
and their associated contact state sequences. The cost of a trajectory de-
pends on (1) the number of contact state transitions involved, (2) the likeli-
hood that the assembly will deviate from the selected path of contact states
(as revealed through uncertainty analysis), and (3) the difficulty in distin-
guishing the force signatures of sequential contact states from each other,
and from likely “error states” outside of the sequence.
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Figure 4: Some primitive contacts at a critical point.

3 Building the contact state adjacency graph

A contact state adjacency graph is constructed to represent the topology
of the local C-space surrounding each CP. The construction of each CP’s
contact state graph begins with the enumeration of the primsitive contacts
that can occur around the CP (see figure 4). The primitive contacts that can
occur in the presence of insertion clearances are just the primitive contacts
that occur simultaneously prior to introducing clearances to the object mod-
els. To form a hyperpolyhedral approximation of each local contact space,
the 5-D C-surfaces associated with the primitive contacts are approximated
by 5-D hyperplanes. Assuming the insertion clearances are small, this is a
fairly accurate approximation.

Moreover, in order to perform uncertainty analysis involving toleranced
model parameters, the hyperpolyhedral contact spaces are formed in a gen-
eralized C-space with extra dimensions for model parameters. The geometry
of a vertex-face contact with toleranced surface feature locations is shown
in figure 5. The position of vertex V is modelled as a displacement r from
the part’s origin p. The actual position of the vertex is represented by an
uncertain displacement dr. Stationary part face F is located an unknown
distance drg along normal n from its model position. The 6-dimensional C-
space surrounding the CP is augmented with 4 extra dimensions for the model
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Figure 5: A vertex-face contact with model uncertainty.

parameters dr and drg, forming a generalized, 10-dimensional C-space. A
9-dimensional hyperplane for the vertex-face contact’s generalized C-surface
is expressed as a hyperplanar equation:

n dx

rxn 6x
1 ) d‘rc = —dc (1)
n dr

where dx and §x denote the perturbed position and orientation of the moving
part away from the CP, which serves as the origin of the local C-space.

In addition to a hyperplanar equality, a linearized C-surface description
requires inequality constraints to represent the finite extent of the contact-
ing surface features, as well as to prohibit overlapping configurations. The
vertex-face contact shown in figure 6 has two inequalities denoting restricted
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Figure 6: Linear constraints for a vertex-face contact.

rotation about its adjacent edges (preventing overlap) and a single inequal-
ity restricting the vertex to lie on the finite planar surface of the face. The
4 combined linear constraints describe a convex polyhedral set in C-space.
As it happens, no primitive contact’s set of linear constraints contains more
than 5 constraints, hence, each primitive contact’s convex polyhedral set is
devoid of vertices. This property of linearized C-surfaces is exploited in the

uncertainty analysis technique described in section 4.

The convex polyhedral set associated with a primitive contact has a dual
representation in the form of a weighted sum. Any point P € R® satisfying
the single equality N - P = D and m inequalities N;-P < D; associated with
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Figure 7: Convex cone characterization of a primitive contact.

a primitive contact can be expressed
P=Q + SZ,aV: + BT (R ,BieR) (2

where the C-surface tangents T, ... T¢_m-1 span the vector space that is or-
thogonal to span(N,N,...,N,,), and each surface tangent V; is orthogonal
to N,N;...Ni_3;,N;41... Ny, and Ty...Te_m-1. The characteristic point
Q of the C-surface satisfies the linear system N-P =D, N;-P = D; (i =
1...m), T; P =0(j =1...6 —m—1). The tangent vectors are readily
calculated via the Gram-Schmidt procedure. As figure 7 illustrates schemat-
ically in R3, equation 2 describes a convex cone in R¢. By parameterizing
equation 2 randomly, we may generate target points on the C-surface to serve
as configurations defining candidate piecewise-linear trajectories.

A contact state adjacency graph is constructed by first placing a node in
the graph for each primitive contact’s 5-dimensional contact state, and then
adding additional nodes for progressively lower-dimensional contact states.
Target points are generated for each primitive contact state by parameteriz-
ing equation 2 randomly. As figure 8 shows schematically with 2-dimensional
C-surfaces, exploratory tangent rays are cast along the 5-dimensional C-
surfaces to find their adjacent, 4-dimensional contact states. This is accom-
plished by calculating every tangent ray’s point of intersection with each
remaining primitive contact’s convex polyhedral set (if such an intersection
exists), and then noting which intersecting primitive contact is encountered
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Figure 8: Generating target points in contact space.

first along each ray. Every adjacent C-state encountered in this manner is
added to the adjacency graph, and the points of intersection between the tan-
gent rays and adjacent primitive contacts are stored as target points in the
new C-states. Exploratory tangent rays are, in turn, cast along the surfaces of
the 4-dimensional C-states to discover their adjacent, 3-dimensional contact
states, and so on. Each contact state is stored in the adjacency graph with
a fixed number of target points, along with pointers to higher-dimensional
“parents” and lower-dimensional “sons”. :

INITIAL POSE N
FREE SPACE LOCAL C-SPACE AT
I CRITICAL POINT 2

1-DIM C-STATES

LOCAL C-SPAGE AT SHARED BY ADJACENT

CRITICAL POINTS' e
CRITICAL POINT 1 LOCAL C-SPACES

LOCAL C-SPACE AT
CRITICAL POINT 3

0-DIMGOAL STATE

Figure 9: Piecewise-linear trajectories through local contact spaces.
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4 Selecting a fine-motion plan

The contact state graph constructed for each CP’s local contact space repre-
sents all the candidate sequences of contact states for traversing the contact
space. A piecewise-linear trajectory is defined by first selecting a sequence
of contact states and then choosing a target point for each chosen state (see
figure 9). Fine-motion trajectories generated in this manner are evaluated
with respect to their overall merit in a heuristic search of the contact state
graph. A cost evaluation function incorporates the length of the contact state
sequence, the likelihood that the assembly will deviate from the sequence,
and the recognizability of each sequential contact state.

The local C-spaces surrounding adjacent CPs typically share a set of
1-dimensional contact states (see figure 10). The traversal of a concave 1-
dimensional contact state is virtually free of uncertainty, since no dofs exist
for lateral deviations arising from velocity error. As illustrated in figure 9,
these 1-dimensional contact states serve as initial states and goal states when
searching for alternative sequences of contact states in a local C-space. Ex-
ceptions to this rule are made in the case of the first CP, for which the initial
state is always free space, and the last CP, where the goal state is always a
0-dimensional contact state associated with the final configuration supplied
by the high-level planner. Once the initial states and goal states have been
identified in a contact state adjacency graph, every contact state’s minimum
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Figure 11: Intersecting a C-surface with a finite polyhedron.

distance to a goal state (i.e., the number of transitions required to reach
a goal state) is calculated, to facilitate the search for a moderately short
sequence of contact states through the local C-space.

Each candidate fine-motion trajectory is subject to an uncertainty anal-
ysis, to determine whether its execution can fail in the presence of initial
position, velocity, and model uncertainty. The uncertainty analysis reveals
possible deviations of the moving part from the prescribed sequence of con-
tact states, as well as the margin of error involved in avoiding contact states
outside the given sequence. The safety margin involved in avoiding unwanted
contacts is used as a metric in the heuristic evaluation of a trajectory. The
favoring of trajectories associated with a minimal likelihood of failure helps to
counterbalance the effect of C-space linearization on the accuracy of the un-
certainty analysis. Undesired contact state transitions associated with small
safety margins are tabulated so that the undesired contact states’ force sig-
natures may be incorporated into error recovery stategies. The feasibility of
distinguishing such undesired contact states’ force signatures from the force
signatures of the selected contact states is also included in the trajectory’s
heuristic evaluation.

As mentioned in section 3, the convex polyhedral set associated with each
primitive contact has no vertices, since each polyhedral set is defined by a
single inequality, and no more than 4 inequalities, in R%. Our uncertainty
analysis technique makes use of this fact to simplify the detection of linearized
C-surface intersections with polyhedral uncertainty regions in 6-space and
higher dimensions. Figure 11 illustrates an analogy in 3-dimensions, in which
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Figure 12: Uncertainty analysis in generalized contact space.

a half-planar C-surface intersects a polyhedron. Since the C-surface has no
vertices, the C-surface cannot intersect the polyhedron without intersecting
one of its linear edges. This observation generalizes to higher dimensions,
simplifying the detection of an uncertainty region’s intersection with any
unwanted primitive contact’s linearized C-surface. More costly methods of
detecting intersections, such as linear programming feasibility tests, are thus
avoided.

The piecewise-linear trajectory selected for traversing the first CP’s lo-
cal contact space starts at an initial pose in 6-dimensional free space. The
moving part is visually servoed to the starting pose and then transported
along the piecewise-linear command trajectory to the first selected contact
state, then toward the second contact state, and so on. Figure 12 illustrates
the uncertainty analysis procedure in lower dimensions. Uncertainty region
Ry, representing visual servo error, is formed in a 3-dimensional generalized
C-space involving 2 pose dimensions X,Y and a single tolerance dimension
T. Ry is projected along the first segment of the trajectory in free space
Qo, toward the first selected contact state Q;. The forward-projection of
R, sweeps out a forward-projection volume F that expands laterally at a

15



rate which depends on the velocity uncertainty. To determine whether any
contact state other than Q; might be encountered along the first trajectory
segment in the presence of uncertainty, intersections of F' with any unwanted
contact states are computed. As explained previously, a nonempty inter-
section between F and an unwanted contact state Q2 is detected efficiently
by finding a linear edge of F that intersects Q,’s C-surface. If it is found
that the first segment of the trajectory can be safely executed without en-
countering any unwanted contact states, Ro’s projection R; is recovered in
contact state Q;, and the forward-projection process repeats recursively for
the subsequent segments of the piecewise-linear trajectory.

Since uncertainty analysis is performed within a polyhedral approxima-
tion of contact space, and the precise ranges of position, velocity, and model
uncertainty might be unavailable, unwanted contacts not predicted through
uncertainty analysis may still occur. The forward-projections described above
are therefore performed for several expanded ranges of uncertainty, to esti-
mate the likelihood that unanticipated contact states will be encountered.
The estimated likelihood that an unwanted contact will occur is inversely
related to the degree of uncertainty required for a forward-projection volume
to intersect the contact during uncertainty analysis.

Thus estimated, the likelihood that a fine-motion trajectory will fail in
the presence of uncertainty provides one of the criteria for judging the “cost”
of the trajectory, during the heuristic search for an optimal fine-motion plan.
The difficulty in distiguishing the force signatures of unwanted contacts from
those of planned contacts (for purposes of error recovery) provides another
criterion for rating the relative merits of trajectories. Alternative piecewise-
linear trajectories are thus evaluated, one linear segment at a time, in an A*
search which generates an optimal fine-motion plan.

5 Implementation and discussion

The fine-motion planner described above has been implemented in POP-11
and C running on a Sun-4 workstation. CSG descriptions of assemblies such
as the one appearing in figure 1 are converted to surface boundary descrip-
tions by the geometric solid modeller ACIS. The boundary descriptions of the
assembly parts provide input to the high-level assembly planner K A3 [19],
as well as the fine-motion planner, which parametrizes C-surface equations
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such as (1), using the geometric surface data. The high-level planner gener-
ates a nominal trajectory and a set of CPs for the fine-motion planner, and
clearances and tolerances are selected for the surfaces of the assembly parts.
2 The fine-motion planner first constructs a contact state adjacency graph
for each CP in the nominal trajectory, as described in section 3. The compu-
tation time for graph construction is roughly linear in the number of target
points associated with each C-state. Since adjacent C-states are detected by
comparing the proximities of different primitive contacts, as measured along
surface tangent rays of existing C-states, the graph construction is also linear
in the number of primitive contacts at the critical point. The construction
of the C-state adjacency graphs for critical points of the assembly shown in
figure 1 requires 5 to 10 minutes per graph on the Sun-4.

After the contact state graphs are constructed, the 1-dimensional con-
tact states shared by neighboring CPs’ graphs are identified and labelled as
the initial states or goal states in the graphs. Each C-state’s minimal dis-
tance to a goal state is then derived, requiring about one minute per graph.
The heuristic search procedure constructs a search tree of partially-formed,
piecewise-linear trajectories, with a branching factor of O(ap), where a is the
maximum number of C-state adjacencies involving a transition to a C-state
of descreasing distance to a goal state, and p is the number of target points
per C-state. In the worst case, the search for an optimal trajectory consist-
ing of n linear segments requires O((ap)™) trajectory cost evaluations. In
practice, the A* search is rarely exhaustive, so the worst case complexity is
seldom realized. For the critical points of the assembly shown in figure 1,
the search for an optimal trajectory through a local C-space requires 2 to 6
minutes of run-time on the Sun-4, given p = 12 target points per C-state.

The computation time required to evaluate the cost of a piecewise-linear
trajectory varies with the number of C-state adjacencies and the number
of toleranced model dimensions. To determine whether any “error states”
outside of the chosen sequence of C-states can be reached in the presence of
uncertainty, the trajectory evaluation routine checks for intersections between
the linear edges of a forward-projection volume and the convex polyhedral set
of every primitive contact present in the possible error states but not in the

*In an industrial application, the clearances and tolerances would be selected by the
designer of the assembly parts, based on function, performance, and machining cost
constraints.
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desired states. These intersections are perfomed are quite rapidly, owing to
the convex polyhedral characterization of primitive contacts. The consequent
computational simplicity of the uncertainty analysis procedure enables the
fine-motion planner to perform thousands of trajectory evaluations in the
course of a few minutes.

The number of facets in each pose uncertainty region is roughly exponen-
tial in the number of tolerances ¢ (e.g., the initial pose uncertainty rectangle
in free space has 2'*® vertices), so the time required to calculate facet de-
scriptors for a forward-projection volume F and a projected region R is also
exponential in ¢. This method of uncertainty analysis is only practical when
t is small (e.g.,t < 10).

Finally, the selected fine-motion trajectory maps directly to a sequence
of hybrid control strategies and force signatures. Force signatures are also
output for error states outside of the chosen sequence of C-states. As embod-
ied in the heuristics for choosing a trajectory, the error state force signatures
are easily distinguished from the trajectory C-states, facilitating on-line error
recovery. A robotic implementation on a Zebra-0 robot is in progress.

6 Conclusion

A methodology for generating and testing fine-motion plans in generalized
contact space was presented. The assumption of small insertion clearances
enabled us to form simplified, hyperpolyhedral approximations of contact
space around the critical points in a nominal assembly path. The rapid
detection of intersections involving polyhedral uncertainty regions and lin-
earized C-surfaces made it possible to generate and test a large number of
alternative trajectories efficiently, to produce a fine-motion plan that can be
executed in the presence of position, velocity, and model error.
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