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ABSTRACT

The paper shows the -working of a previously proposed automatic fine-motion planner for assembly tasks
with robots by means of a simple but illustrative case: the block in the comer problem. The assembly
planner takes into consideration the different uncertainty sources that can affect the task and the friction
forces produced by the relative movements of the objects in contact. The results of the planning procedure
steps applied to the above mentioned case are mainly shown in a graphical way giving at the same time its
physical interpretation. This allows to get a better inside onto the proposed methodology and its posibilities.
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1. INTRODUCTION

Assembly is one of the most promising fields of application
of industrial robots in a near future. Nevertheless, assembly
with robots still exhibits some basic problems especially when
uncertainty in robot positioning is comparable to parts matting
clearance.

In order to efficiently perform assembly tasks with robots, sev-
eral solutions, like robot precision increasing and passive com-
pliance devices, have been proposed. A further simplification
of these tasks could be achieved by a better design of the parts
and objects involved in them.

Despite these improvements, performing assembly tasks in‘a
‘more flexible way requires the use of active compliance — based
on position/force control — whos main advantage is the possi-
bility of adapting the compliance parameters during the devel-
opment of the task. :

The assembly strategies associated to the use of active com-
pliance could be generated by a human operator, but they are
task-dependent and frequently they imply great skill and effort.
Consequently, it becomes evident the interest of an automatic
fine motion planner capable of establish a sequence of move-
ments that assure assembly task success despite uncertainty.

The use of position/force control to compensate uncertainty in
assembly tasks was introduced by Inoue (1974) and, from that,
several approaches to automatic generation of assembly strate-
gies based on position/force control have been developed (Du-
fay and Latombe, 1984; Turk, 1985; Lozano Perez, Mason and
Taylor, 1984; Erdmann, 1984; Buckley, 1987; Xiao and Volz,
1989; Gottschlich and Kak, 1991).

In previous papers (Suérez and Basaiiez, 1989, 1991), we have
proposed a fine motion planner for assembly tasks which takes
into consideration a great variety of uncertainties and friction
forces. This planner has been completely developed for rigid

*This work was partially supported by Comisidn Interministerial de Cien-
cia y Tecnologéa (CICYT) under the project ROB 89-0287

polyhedral objects and planar movements (i.c. two transla-
tional and one rotational degrees of freedom). Tasks with more
degrees of freedom could be theoretically solved by a plan-
ner based on the same principles, but additional research work
would be required in order to maintain the efficiency.

In this paper we illustrate the functioning of the proposed as-
sembly task planner through a simple example. Section 2 of the
paper briefly explains the planner. Firstly, the different steps of
the plan generation are outlined. Then, the uncertainty sources
are described and, finally, task modelling; planning and execu-
tion are commented. Section 3 is dedicated to the development
of the selected planning example: the block in the corner prob-
lem. Finally, in section 4 the main conclusions are outlined.

2. THE ASSEMBLY PLANNER

2.1, Overwiew

The goal of the assembly planner is to generate a sequence of
commands to be successively applied to the robot controller in
order to successfully perform the assembly task. These robot
commands depend on the type of robot controller used. Assum-
ing a robot controller able to work in damping control mode
(Whitey, 1977) robot commands will be commanded veloci-
ties.

In the following we assume that the objects are polyhedral, that
is, its nominal faces are flat although small curvature in the
faces due to their manufacturing tolerances are acceptable. The
objects can also be considered rigids under the forces developed
in its manipulation.

Additionally it is assumed that the edges of the object in the
robot gripper or the edges of evéry static object in the work
space or all the edges simultaneously are parallel or perpendic-
ular to the plane of movement. In this way, 3D objects moved
in a plane can be modelled as 2D objects moved in a plane
parallel to it.

The input data to the planner are, in addition to the task goal,
the shape and size of all the objects involved in the task, their
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Fig. 1. Planning scheme.

manufacturing tolerances, the position accuracy of the robot
and the accuracy of the different sensors used to locate the
objects and to measure the forces and torques.

The main planning steps are shown in Fig. 1. The first step is
the construction of the Configuration Space, (C) (Lozano Perez,
1983). In order to describe the configuration of an object being
moved on a plane by a robot, we choose a reference point P,
fixed to the gripper (e.g. the TCP point) represented by . in
the absolute reference system. The three degrees of freedom
{two of translation and one of rotation) will be indicated by
Pres Pry and ¢, and thus a point of C will be represented by
[prz' Pry ¢r]1,‘~

Second step consist in the determination of the nominal task
states according to the single or multiple basic contacts which
could happen during task execution if uncertainty does not exist.
Then, nominal states that could be consecutive during a nominal
task execution are represented as a graph, N-Graph.

In the third step, geometric uncertainty other than related to on-
line measurement is included, giving rise to state realizations
in presence of uncertainty. From them, the sets of possible
reaction force directions including friction are obtained for each
state. In a similar way to C, force and torque components are
represented using a unique vector § called generalized force.
The space that these vectors define is called Generalized Force
Space, F.

Next step correspond to the incorporation of the uncertainty due
to the on-line measurement. The result is the observation do-
main, that is, the set of configurations and generalized reaction
forces that could be measured when a given state occurs.

In the fifth step, a map of transition directions — state transition
operators — is obtained for each state, labeling each movement
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direction (i.e. commanded velocity direction) with the contigu-
ous states that may be reached following it.

The generation of the assembly plan is the objective of the
sixth and last step. This implies the search of a path in the
N-Graph from the initial state to the goal one and the choice
of the associated transition operators.

Plan execution consists basically in the identification of the cur-
rent task state by fusioning configuration and force/torque sen-
sors information and, then, the application of the corresponding
operator until a new state was detected

2.2. Uncertainty

Parameters and variables describing objects or objects’ behavior
in real world are not exactly known. In some robot tasks, like
fine-motion planning, it is not enough to deal with nominal or
predicted values, but some specification about their imprecision
is necessary.

We will call uncerzainty of a parameter or variable to the do-
main containing all possible actual values for an observed one
subject to deviations. Uncertainties are represented by U with a
subscript indicative of the related variable or parameter. Param-
eters used to describe maximum deviations are represented by e
with the same subscript. The subscript o indicates an observed
value, sensed or calculatéd.

In the following, we enumerate and model the sources of posi-
tion, force and velocity uncertainty to be considered in a motion
planning problem (Basafiez and Sudrez, 1991).

Uncertainty of the shape and size of objects. Describing the
object boundary by using vectors ¢ referred to an object refer-
ence point Py, object shape and size uncertainty is expressed
through the vertex position uncertainty:

Uo = {7 IF - &l < e}

Uncertainty of the position measurement of a point of a static
object. It entirely depends on the sensors or measurement sys-
tem used to locate the point &, but a generic model can be
established as

Un ={@| |d - @]} < em}

Uncertainty of the configuration of a static object. The static
object could be previously positioned by a feeder, for instance;
but, in order to make the uncertainty model independent of any
specific feeder, we assume that each object vertex is located
inside a circle of radius ¢,, centered at the vertex predicted
position.

Uncertainty of the robot positioning. Using p, and ¢, to rep-
resent the real position and orientation of the end effector, the
corresponding uncertainty will be modelled as,

Upr = {ﬁf I ”f’.r _i’.ra” < ep,}

Us, = {¢e | 1#r — ¢rol < €4}

Slide of the object in the gripper. We model the slide of the
object in the gripper assuming upper limits for translation, e,
and for rotation around the gripper referénce point, ¢;,.

Uncertainty of the reaction forces and torque measurements.
We will consider a wrist force/torque sensor that gives reaction
forces as two orthogonal components and the torque about the
gripper point given by p.. Uncertainty is a function of the



sensor accuracy and can be modeled as,

U = Af | lfe = Foll S er}

U, = {fillfs = fuoll < e}
U= {rlllr=nll<e&}

]

Uncertainty of the mobile object velocity. This uncertainty is
due to the robot control system errors. Real velocity is bounded
to be inside a cone whose axis direction is determined by the
nominal velocity direction.

Uncertainty of the Absolute Position of any Object Point.
With the proposed models the real position of any point of a

static object is bounded to be inside a circle of radius ¢, = ¢, + ¢,

centered in the nominal point position. In the case of a grasped
object, the absolute nominal position of a point is described by
a vector from the gripper reference point; the bounds of the
uncertainty are e,,p,. = €p, +€p, + €, With €, = ¢, +¢€,, + €, for
the head of this vector, and 5,4, = €4, +€, With €5, = €5, +€4,
for its angle.

Uncertainty in the Configuration Space. Making use of the
geometric uncertainties above mentioned it is possible to build
the C with uncertainty and then to determine all the config-
urations in which a set of basic contacts would be possible
(Basafiez and Sudrez, 1991). The set of configurations in which
a given basic contact could happen in presence of uncertainty
determines an uncertairty region CU,; the union of CU’s of ev-
ery basic contact contains all possible contact configurations in
presence of uncertainty.

Uncertainty in Generalized Force Space. Uncertainty of gen-
eralized forces is due to deviations in the forces and torques
measurements, and it must be distinguished from the change in
the possible generalized reaction forces due to uncertainty inC.
The geometric interpretation of generalize force uncertainty is
a prism whose size is given by e, , ¢;, and ¢y,

2.3. Task Modelling

During an assembly task execution, it is important to know
which basic contacts take place in order to decide next move-
ment. So, we define the task states acéording to basic contacts
occurmence.

A set of edge-vertex basic contacts is said to be comparible
if all the contacts can occur simultaneously. Then, for each
compatible set £ of basic contacts between the mobile object
and the environment, a task state E is defined as the set of
connected configurations in which all basic contacts of £, and
only those, occur.

States determined from a nominal task model, i.e. without un-
certainty, are called nominal task states. They have a clear ge-
ometric interpretation: each C-face (without the C-edges), each
C-edge (without the C-vertices) and each C-vertex of contact
configurations of C conforms a different nominal state.

Nominal states are represented as nodes of a graph, N-G(-aph,
which edges link those states that could be consecutive during
a nominal task execution.

Directions of generalized reaction forces expected in a nomi-
nal state with only one basic contact are those in the general-
ized friction cones computed for the corresponding C-face. For
nominal states with more than one basic contact the possible
directions of reaction forces are obtained by a lineal combi-
nation of vectors from the generalized friction cone of each
contact. For the planar problem, generalized forces directions
are graphically represented by the method described by Brost
and Mason (1989).

We define suate realization, R, as the set of configurations in
which that staté can occur due to uncertainty. States realiza-
tion and the corresponding generalized reaction forces can be
obtained from the corresponding CU uncertainty regions built
for e,, =0 and ¢4, = 0.

During task execution the actual state must be observed and
recognized in order to apply a proper robot command. A state
may be identified by using configuration and/or force measure-
ments. ’

The set of possible sensed configurations § for task states with
only one basic contact are fully equivalent to CU uncertainty
regions of the corresponding C-face including all the uncer-
tainties. Sets S of states with more than one basic contact are
obtained by intersecting CU regions of C-faces of each basic
contact. :

The set of possible observed generalized reaction forces G that
could be sensed during each state occurrence are obtained by
adding generalized force uncertainty to the sets of possible gen-
eralized reaction forces in the states realization.

Once the current state has been identified, during task execu-
tion, a proper robot command must be applied to change current
state towards the goal one. This implies that each state must
have associated state transition operators that produce transi-
tion to another predicted state. Due to uncertainty, transition
to an unique predicted state is unlikely, but a set of possible
reachable states can be established.

The set of operators between any two contiguous states, E;
and E;, are obtained by computing all movement directions
with positive component in the direction normal to the frontier
between R; and R;; even when R;NR; # @, the normal direction
is chosen pointing into R; from configurations of R; outside
R;. The obtained set of direction is then enlarged by including
velocity uncertainty. Thus, for each state, a map of transition
directions can be obtained, labeling each movement direction
(i.e. commanded velocity direction) with the contiguous states
that may be reached following it.

2.4. Task Plannir_lg :

With the elements previously introduced and developed, the
planning procedure can be divided into the following steps:

1. Choice in N-Graph a directed path from the initial state
to the goal state.

2. Associate to each state in the path a ser of operators
which allow transition to the consecutive state. '

3. Expand the path with all the states reachable by the ap-
plication of the operators associate to path’s states. It
will leave to a directed graph, called E-graph.

4. Repeat steps 1, 2 and 3 but considering as initial states
those terminal states in E-graph different from the goal.

In the final E-graph, two types of circuits can appear: soft cir-
cuits in which the associated operators do not have directions

with opposite components, and hard circuits when this condi-

tion is not satisfied. If possible, hard circuits must be avoided
in the plan.

2.5, Task Execution_

Plan execution consists basically in the identification of the
cument task state by fusioning configuration and force/torque
sensors information and then apply the corresponding operator
T until a new state was detected.
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Fig. 2. Objects involved in the block-corner test problem

During plan execution, soft circuits if they appear, will be auto-
matically broken. Hard circuits may really give rfise to vicious
circles during plan execution and therefore they must be spe-
cially monitored during on-line work. If they actually appear,
an alternative plan must be executed starting from any state of
the circuit.

3. THE BLOCK-IN-THE-CORNER PROBLEM

3.1. Task Description and Assumptions

We will illustrate the proposed planning methodology by ap-
plying it to an example. It consists in a simple task that allows
to show the development, step by step, of the planning proce-
dure while maintaining the physical meaning of the problem.
Despite it, the task gives enough possibilities to show how the
planner works.: :

The selected task is the positioning of a block in a comer con-
sidering three degrees of freedom, two of translation and one
of rotation. We will refer to this task as the block-corner test
problem. One advantage of this problem is the easy 3D visu-
alization of the associated C-surfaces.

In a planar representation, the block manipulated by the robot
is basically a rectangular object with a handle. The corner,
as part of a static object, is defined by two orthogonal edges.
Both static and grasped objects are considered rigids. They are
shown in Fig. 2 where, as in the rest of the paper, dimensions
are indicated in millimeters, and angles in radians. The ref-
erence point of the block and of the gripper are P, and P,,
respectively.

It is realistic to assume that the position reached by gross-
motion movements is closed enough to the comer to assure
contact with its edges during the first fine-motion movement;
50, it will be taken as initial position for the assembly plan. It
will also be assumed that the rotation of the block will never
exceed +7/2 from the final correct value.

We suppose a constant friction coefficient 4 = 0.7, to which it
corresponds a friction cone of 2 x 0.61.

3.2. Real World Uncertainty
Following the models previously described for the uncertainty
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Fig. 3. Uncertdinty in the absolute position of each block
vertex and each corner edge.

sources, the maximum deviation values adopted are:

€& =3 & = 1 &, =0
€m = 5 €, = 7/90 €5, =0
€pp = 3

then, the maximum deviation in the absolute position of any
point of the static .object will be:

€ = 5

and the corresponding values for a point of the block will be:

Copew = 9 €40, = T[45

Figure 3 shows the boundaries of the sets of possible abso-
lute positions of each block vertex —for the robot configuration
[Prz Pry #-1F =[—143.3 125 —x/4]"- and of each comer
edge.

Uncertainty in the force and torque measurements are modelled
from the specifications of a commercial industrial wrist force-
torque sensor, resulting

€f, = 01N € = 01N €, = 0.001 Nm
Robot velocity is bounded to be inside a cone with its axis in

the nominal velocity direction and defined by an angle of = /30.

3.3. Uncertainty in the Configuration and Force Spaces

Figure 4 shows C for the block-comer test problem in absence
of uncertainty, built considering P, as reference point. In the
figure, C-surfaces are labeled with the comresponding contact
¢, where ¢ indicates the corner edge and j the block vertex
involved in the contact. '

Mapping the uncertainty into C is done following the equations
developed by Basafiez and Sudrez (1991). . As an example,
Fig. 5 shows the uncertainty region CU of ¢;;. The boundary of
this set of configurations is composed of ten different algebraic
surfaces.

The set of dll possible generalized reaction forces for ¢y in
presence of geometric uncertainty (including friction forces) is



shown in Fig. 6. In the general case, the boundary of these
sets of generalized force directions are composed by sections
of two hyperboles, six straight-lines and a circumference.

Fig. 4. C for the block-corner-test problem.

Fig. 5. Uncertainty CU corresponding to the contact c;;.

3.4. Task States

The block-corner test problem gives rise to nine nominal task
states. We will represent them by E with a subscript composed
by the couples of numbers used to describe the corresponding
basic contacts. :

Four states correspond to the four different possible basic con-
tacts (C-surfaces in Fig. 4), i.e. Ey), E}7, Ejs and E,7; another
four, to the possible occurrence of two basic contacts simulta-
neously (C-edges in Fig. 4, ie. Ey y, Ennz, Exzr and Ex17;
and the last one corresponding to the occurrence of the four
possible basic contact simultaneously (C-vertex in Fig. 4), i.e.
Ey1,17,2621-

The N-Graph of nominal states is represented in Figure 7. It
is easy to verify in the physical space the contiguity of any
two states linked by an edge in the N-Graph. The goal state

fx

0

204

.06

E

Fig. 6. Possible generalized reaction forces of contact cy; in
presence of geometric uncertainty.

two states linked by an edge in the N-Graph. The goal state
is obviously Ei 172627 and as initial state it will be considered
Ey.

Taking into account all the uncertainty sources, the set of pos-
sible sensed configurations (8) of each state is built. Since the
set § of states with only one basic contact is equivalent to the
corresponding uncertainty CU, Fig. 5 also represents the set §
of the basic contact ¢j;. The set S of a state associated with
several basic contacts is generated by intersecting the corre-
sponding uncertainties CU; for instance, Fig. 8 shows the set §
of the state Eyy 2.

The sets of all possible sensed generalized reaction forces (G)
for each state are also determined considering uncertainty. For
states with an unique basic contact G is directly obtained by
adding force measurement uncertainty to the forces that could
happen in each state realization due to friction and geometric
uncertainty (without considering robot configuration uncertainty
because the sensor is fixed to the robot wrist). As an example,
Fig. 6 shows G for ¢y).

The sets of all possible sensed generalized reaction forces (G)
for states with an unique basic contact is directly obtained by
adding force measurement uncertainty to the forces (showed
in Fig. 6 for ¢;;) that could happen in each state realization
due to friction and geometric uncertainty (without considering
robot configuration uncertainty because the sensor is fixed to
the robot wrist).

For states with n basic contacts, G is obtained as the zone cov--
ered by all the lineal combinations of n forces, taking each of
them from the set associated to each involved contact. Fig-
ure 9 shows the set of all possible generalized reaction forces
for Eyy 2 in presence of geometric uncertainty and including
friction forces. ’

N ors

Operators are equivalent to velocity commands to the robot
control system. Transition operators between two states are
determined in 4 steps:

1. Computing the set of directions orthogonal to the frontier
between the realization domains of both states
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2. Computing the set of directions with positive component
in any direction of the set of step 1

3. Removing the set of opposite directions to the possible
generalized redction forces of the leaven state (to avoid
jamming in that state)

4. Adding velocity uncertainty.to directions resting after
step 3

The operator T trying to perform transition between the two
states must be chosen from the resulting set.

Fig. 7. Graph of nominal states.

Fig. 8. Set of possible sensed configurations S for the state
generated by the basic contacts cyy and cy.
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Fig. 9. Possible generalized reaction forces for Eyy z in pres-
ence of geometric uncertainty.

3.6. Planning and the Resulting Plan

The selected path of the N-Graph going from the initial to the
goal states is:

Ey — Euy — Enarasn

The following operators T' = [V;, V;, £2,1%, between the path
states has been choiced:

From Ey to £1117 [00 17
From Ey g7 to Eyrgsz: [0 —1 07

The operators producing transitions between the path states
could give rise to transitions to other states. By including these
states the path is expanded, resulting the final E-Graph showed
in Fig. 10.

Fig. 10. Final E-Graph.



It is easy to visualize in the physical world; that most of the
operators that would allow the transition from Ej; to Eyy 7 also
could permit transition to Ey 77 if the block, maintaining contact
c11, 18 closed enough to edge 2 of the comer.

The resulting assembly plan for the block-corner test problem
consists in the E-Graph showed in Fig. 10 plus the correspond-
ing associated state transition operators.

4. CONCLUSIONS

The block in the coner problem has allowed to show, in a
graphical way and with references to the physical meaning, the
working of an automatic fine-motion planner for assembly tasks
with robots, that was previously proposed. '

The planning methodology has been completely developed for
two translational and one rot-tional degrees of freedom, and
both the computing time and the memory requirements are fully
acceptable for today workstations.

Nevertheless, several aspects of the planner, mainly related to
the b§st selection of the state transition operator to be actually
applied, are under research.

Another interesting subject for future research is error recovery
during plan execution. Finally, as a more long térm research,
the extension of the planner to more than three degrees of free-
doti’ would be tried.
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