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Abstract

We have been developing a novel method to program a robot, an APO (assembly-
plan-from-observation) method. A human performs assembly operations in front
of the APO system’s TV camera. The APO system recognizes such assembly
operations and generates an assembly plan to repeat the assembly operations using
its robot arm.

Since an important purpose of assembly operations is to achieve face contacts
between objects, our previous system was based on face contact relations. Qur
system recognized object configurations after each of assembly operation and
then extracted face contact relations from the observed object configurations. By
associating a face contact relation with the operation necessary to achieve the
relation, the system was able to construct a plan to repeat the assembly.

In this system, two kinds of information were extracted from object configura-
tions: 1) face-contact relation and 2) motion parameters necessary to move objects
around. The system works well while noise-free input. Usually, however, object
configurations contain some degree of error.

Since a face contact relation is a topological relation, it can be obtained reasonably
well from noisy object recognition results. However, motion parameters are
obtained directly by converting object configurations. Under the presence of error,
due to error-contaminated motion parameters, the system may fail to perform
an assembly operation, although a face-contact relation and thus an assembly
operation is correctly recovered.

This paper proposes a method to COITect erroncous motion parameters based on
a face contact relation. We assume that a given face contact relation reflects the
actual face contact correctly. Face contact constraint equations will be defined for
each pair of contact faces. A face contact equation requires that a vertex of one
face is on the plane including the other face. Motion parameters are determined by
solving face contact constraint equations simultaneously using the singular value
decomposition method.

In order to maintain the relationship among motion parameters of previous opera-
tions, we define operation dependency lists (ODL), symbolic lists of homogeneous
transformations to represent operations. An ODL is calculated for each assembly
operation, and is attached to each object. By using ODLs instead of object config-
urations, we can apply the same method to obtain correct motion parameters for
former operations.

We implement this method in the APO system, apply the method to several
assembly examples, and verify the effectiveness of the method.
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1 Introduction

Several methods to program a robot have been proposed. Such methods include the
following: teach-by-showing, teleoperation [15, 13, 6], textual programming[3],
and automatic programming [8, 12, 11].

Among these four representative methods, teleoperation and automatic pro-
gramming are the most promising. The automatic programming method aims to
develop techniques to make a program automatically from geometric models by
geometric reasoning. The teleoperation method requires master and slave manipu-
lators. First, a human operator uses the master manipulator to perform a task; then
the master manipulator’s control signals are fed into the slave’s and the same task
is performed. Both of these methods are promising because they do not require
expert programmers.

Yet, these methods are often inconvenient and impractical. For example, an
automatic programming system often has to consider an infinite number of possible
operations in order to determine the appropriate operation. It often occurs that the
system has to solve highly non-linear equations. A teleoperation system typically
does not possess any geometric reasoning mechanism. Due to this, the system
cannot adjust erroneous human input. Also a very minor change of a program
requires complete re-programming.

To remedy these problems, we have proposed a novel method which combines
the automatic programming and teleoperation. We added a vision capability, ob-
serving human operations, to an automatic programming system. In this paradigm,
since the approximated parameters are obtained from observation, the system can
convert highly non-linear equations into linear equations around the rough esti-
mation from observation. By observing human operations, the system can obtain
a rough idea for choosing the appropriate operation from the possible operations.
Since the APO system can clean up erroneous input data using the geometric rea-
soning capability, the APO method is more stable than teleoperation. The system
generates not a numerical control signal, but a symbolic assembly plan. Thus, a
minor change can be achieved by replacing a corresponding part in the symbolic
assembly plan.

In particular, we proposed a system to observe a human performing assembly
tasks, and a geometric reasoner to analyze and recognize such tasks from obser-
vation, and to generate the same assembly sequence for a robot. We will refer this
paradigm as Assembly Plan from Observation (APQ).

The central issue in achieving such an APO system is the type of representation
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which will be used for describing an assembly task. The main purpose of an
assembly task is to put together two separate parts into one subassembled part. By
such an assembly task, one particular class of face contact relation is established
between the two parts. Thus, we have decided to use face contact relations as the
basic representation in the previous system.

We have constructed a procedure tree which relates face contacts with the
necessary assembly operations for achieving them. A vision system recognizes
objects and builds up object representations in a geometric model. Then, the system
extracts face contact relations from the object representations. By consulting the
procedure tree with the extracted contact relations, the system can infer human
assembly operations. The system also collects motion parameters necessary to
complete the assembly operations from the object representations.

In the previous system, the APO system extracts the following two kinds of
information from object representations:

o Topological face-contact relation- Determining the face contact relations
from the configurations of faces given by object configurations and then
consulting the procedure tree to identify the operation such as “move-to-
contact”.

o Numerical motion parameters- Determining the motion parameters from
the object configurations to complete the assembly task command such as
“move-to-contact from (0,0, 0,0,0,0) roughly until (1,1,1,0,0,0)".

Our system works well when a vision system provides accurate object con-
figurations, Usually, however, object configurations obtained by a vision system
contain some degree of error, because hurnan operation is not accurate enough and
because vision systems introduce some positional errors in its recognition results.

Among the previous two kinds of information, the topological face contact
relation can be extracted correctly under the presence of noise. The APO deter-
mines face contact relations throngh examining face equations of candidate faces.
Although these face equations contain some degree of error, we can obtain correct
face contact relations by using some approximated threshold values and evaluating
the small errors as zeros.

On the other hand, the numerical motion parameters are affected directly by
the presence of noise. If the APO system uses noisy motion parameters, it fails to
achieve an assembly operation.



In this paper, we assume that the face contact relations given by the APO
system reflect the actual face contacts between objects; the recovered topological
relations are correct. By using these correct face contact relations, we will consider
how to correct motion parameters.

This problem is related to the much larger problem: how to determine ob-
ject configurations from observation while maintaining specified relation among
objects. Several methods [10, 9, 4] have been reported to determine object con-
figurations by matching its geometric model with observed data in the context of
object recognition. They mainly, however, determine a single object configura-
tion by least square fitting between observed features and model features. Lowe

" determines consistent feature (face or edge) configurations from observation in
the context of object representation. He focuses on fitting these features to ob-
served data; he does not consider the problem of fitting features while maintaining
internal relations among features. Smith and Cheeseman consider the propaga-
tion of uncertainty through a relational graph among objects [14]. However, this
technique focuses on propagation of uncertainty, and does not consider adjusting
object configurations based on known relations.

Durrant-Whyte [2]’s problem is the most similar to ours. He considers how
to update object positions in the world model under several sensor observations
while maintaining relations among objects. Each object is connected with a spring
to other objects; he focuses on finding equilibrium conditions in the network of
objects. Since in our problem, each object is related with non-linear redundant re-
lations, we have to solve such difficult non-linear redundant equations to determine
the configurations of all objects.

In the context of assembly planning, Barrow and Popplestone tried to determine
object configurations based on face contact relations [1]. However, no effective
solutions have been reported.

Section 2 develops the basic face contact equations. Then, the section explains
why we cannot solve the basic equations directly. Finally, we will explain how
to remedy this problem by introducing information given by observations. Then,
the section discusses the difference between correction in motion parameters and
correction in object configurations. Finally, section 4 shows the implementation
of the system.



2 Face Contact Constraints

2.1 Problem Statements

Let us suppose a human operator puts object A on object B. From observation, our
system generates the internal geometric representations of objects A and B. In the
real world, these two objects contact each other at face Fa and face Fb. Due to
the error of observation, a gap between the faces occurs in the internal geometric
representation as shown in Figure 1.

This paper assumes that the face contract relation, face Fa on face Fb, is
determined correctly !, Under this assumption, this paper aims to adjust the object
configuration in the internal geometric representations so that the two objects
contact each other through face Fa and Fb.

2.2 Face contact equation

Mathematically, the gap may be represented as the distance between one face and
one vertex of the other face. Part Fc denotes the projection of face Fa onto face
Fb in Figure 1. The distance between one of the vertices of Fc and the plane
including Fa is,

e = nT;'T,v, (1

where T, and T, are the homogeneous transformations of objects A and B with
respect to the world coordinate system. n = (#,, iy, n;, —d) is the face equation of
Fa with respect to the object A’s coordinate system. v = (x,y, z)’ is the position
vector of the vertex with respect to the object B.

If the two objects contact each other, the gap does not exist. The distance is
zero. Namely,

e = 0. (2)

The face contact condition is that at least three vertices satisfy these equations.
This condition and Eq. 1 are referred to as face contact constraint and face contact
eguation, respectively.

! This is possible, because the gap itself is small. By setting up a threshold value for considering
two faces contacted to each other, the system can recover the face contract relation correctly



Object A

Object B

Figure 1: Face Contact

Basically, we will determine the homogeneous transformation, Ta, so that the
face contact constraint holds at the contact face. This problem is not as simple as
it appears due to the following two reasons:

Redundant degrees of freedom
In the example of Figure 1, the position of object A and its rotation about the
axis perpendicular to the paper cannot be determined uniquely by the face
contact constraint. Namely, the face contact equations contain redundant
degrees of freedom.

Simultaneous non-linear equations
Let us consider the example in Figure 2. The objects contact each otherina
cyclic manner. We have to simultaneously solve the face contact equations
given by A-B, B-C, C-A, B-D, and C-D. Moreover, as shown in Equation 1,
each equation is non linear. We have to solve these non-linear simultaneous
equations.

The reminder of this section will consider how to solve these two problems using
approximate solutions derived from observation.



Object A Object A

/

Object B

Object D

Object C

\

Recognition Result _> Real World

Figure 2: Example of simultaneous constraints

2.3 Simultaneous non-linear equations

Generally speaking, simultaneous non-linear equations can be solved iteratively
by various methods. Usually, however, due to local minimum solutions, obtaining
real solutions is very difficult. In our system, observation provides approximate
solutions. Thus, from these solutions, we will solve the equations by the Newton-
Raphson method. Namely, we will linearize the non-linear equations around
the approximate solutions and then solve simultaneous linearized face contact
equations.

The homogeneous transformation matrix T in Eq. 1 is divided into the constant
part, T, corresponding to the approximate configuration derived by observation,
and the unknown variable part, AT . The variable matrix, AT is expressed by
six parameters, that is, translation x,y, z and rotation about x, y, z-axis, a(yaw),
B(pitch), y(roll). Then Eq. 1 becomes

e = nAT;'T;'T,ATyv, (3)

where

ATy = P(xx, Yy, 20R:(cdRy(BIR( ), 4




[ 1 0 0 x
B 010 vy
P(x7yaz) = 0 0 l z 3 (5)
\0 0 0 1
1 0 0 0\
0 cosa —sina 0O
Rr(a) = 0 sina cosa 0 |’ ©)
\0 O 0o 1)
{ cosfp 0 sing 0\
0 1 0 0
kB = —sin 0 cosf 0 |’ )
0 0 0 1/
{ cosy —siny 0 O \
_ siny cosy 0 0
\ 0 0 01/
Whenx=y=2=a=f§=+=0, AT is a unit matrix.
Simultaneous equations combining Eq. 3 for all related vertices are
flg) = e &)
where e is the error at all vertices; e = (e1,...,8i,...,€m), m is the number

of vertices, q is the generalized coordinate system of necessary adjustments;
q={q,.-sq..qn)' = (.o s Xk V> 2k Ak, By Wk, - . ) and n denotes the total
degrees of freedom of all movable objects (six times the number of movable
objects).

Considening the Taylor expansion of the equation, we obtain

f
flq+ Aq) = f(q)+(§a)Aq, (10)

where (&) isan by m Jacobian matrix. At q+ Aq, the face contact constraint
should be satisfied:

f(q+ Aq) = 0. (11)
Then the correction value Aq is obtained by solving the linear equation
of
( a—q)Aq = —e (12)



Since Aq has redundant degrees of freedom, the rank of the matrix q is equal
or less than n. We can obtain Aq by using the singular value decomposition
method which we will discuss in the next section.

Once Aq is obtained by using the singular value decomposition method, we
can correct q as

Qrew = qoid+Aqy (13)

Qinia 1S given by observation. We will repeat this iterative process until g
converges.

2.4 Redundant degrees of freedom

The face contact equations have redundant degrees of freedom. For the parameters
. corresponding to the redundant degrees of freedom, we will use the values given
by observation. The other parameters will be updated to satisfy the face contact
constraints.

Simultaneous linear equations with redundant degrees of freedom can be solved
using the singular value decomposition method.

In the case of m > n? ,singular value decomposition of m by n matrix, % is

of

a—q = UWV, (14)

where U is an m by n column-orthogonal matrix, V is an n by n orthogonal matrix
and W is a n by n diagonal matrix with positive or zero elements.

W = diagw), (15)

whercw;'Z W 2 .. 2WSWL =... = W, =0.
Let’s consider the physical meaning of this W.
Eq. 12 is written using the decomposition terms:

UWV'Aq = -e (16)

2In the case of m < n, we can satisfy m > n by adding rows which contain only zero elements .




WViAq = —Ule, a7

Wv = u, (18)
where

v = ViAq (19)
and

u = —Ue (20)

This equation shows that even if the lower n—{elements of v, which correspond
to zero singular values, change their values, they do not affect the error vector
u. In other words, these values cannot be determined by the given face contact
constraints. These lower elements correspond to the redundant degrees of freedom,

For these redundant degrees of freedom, we will use the initial values given
from observation; we will not correct configurations of the objects with respect to
the redundant degrees of freedom. We will update parameters corresponding to
non-zero singular values. Thus, we will update the configurations of objects using

v = Wu, 21)
where
W = diag(w,",wz‘l,...,w,'l,(),...,O). (22)

Finally, we obtain the correction term? as

Aq = —VWUle. (23)

3This correction term gives the least square solution of Eq. 12. Thus, the converged value
given by the Newton-Raphson method is the minimum of square of f (q) in the neighborhood.
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3 Adjustment of Motion Parameters

This section will discuss the method for adjusting motion parameters by using the
technique for solving simultaneous face contact equations which was developed
in the previous section. First, we will explain the method for adjusting the
current configurations of objects so that all the face contact equations have zero
residues. Then, we will explain the difference between adjusting the current
configurations and adjusting the motion parameters. Finally, we will connect these
two adjustments and complete the method which adjusts the motion parameters.

3.1 Adjustment of configurations

We will introduce a face contact relation graph to express face contact relations
among objects. Each arrow in the graph represents a face contact relation recovered
from observation. The root arrowed node is the manipulated object, which is
moved by the assembly operation to generate the face contact relation, while
the end arrowed node is the environment object, which is stationary during the
assembly operation (7]. The goal configuration of each assembly operation is
attached to the node corresponding to the manipulated object of the operation.

Let us consider the example in Figure 3. Work Table is fixed in the world
coordinate system 4. Castle 1 is put on Work Table by the assembly operation, T,
and achieves a face contact relation, R;. Since Cube 1 is the manipulated object
and Work Table is the environment object in this operation, the arc points to Work
Table from Castlel. Castle2 is then put on Work Table, T3, by achieving R; face
contact relation. Finally, Stick is put on both castles by T3, by achieving R3 and
R, relations.

For each arc in the graph, we have set up face contact equations. In each
equation, n is given by a face of the manipulated object. For example, Castle 1
in Figure 3 with respect to the assembly operation which generates the contact
relation R) and v is given by a vertex of the environment object (for example Work
Table in Figure 3).

By examining the residues of the all face contact equations, we can identify
configurations needing to be adjusted. Then, we solve face contact equations
with variables of such configurations using the method described in the previous

4T is the configuration of Work Table. You may consider that Work Table is put in the world
by an imaginary assembly operation whose goal configuration is Tp.

i1



(a) (b)

Figure 3: Stick between Two Castles; (a) Internal geometric representation, (b)
relation graph.

section, The solutions provide the adjusted object configurations.
More precisely, we can set up an adjustment procedure for object configurations
using face contact relations as follows:

¢ Identifying variable matrices

1. Remove nodes of stable objects from the relation graph. (We cannot

modify the configuration of the stable object.)

-> Work Table is a stable object; Work Table node is removed from
the relation graph. Note that R gsuet —sabte AN Rasue2—wable aTCS are not
removed.

. Select the arcs corresponding to the face contact relation which should
be adjusted by examining residues of each face contact equation. Any
face contact relations having residues larger than a certain threshold
are selected.

-> Let us suppose that face contact equations between stick and two
castles have large residues; error terms, €uick—casttet N4 €gick—casite2 ATE
larger than a threshold value. Thus, Arc Ruick—caster aNd Rysick—castie2
are selected.
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3. Choose objects which are connected in the relation graph containing
the selected arcs.
-> Castle 1, Castle 2 and Stick are chosen because these three objects
are related directly in the relation graph.

4. Assign variable matrices to the configuration of the chosen objects.

=> Teasitets Teaste2 and Ty;cx are the homogeneous coordinate matrices
of Castle 1, Castle2, and Stick, respectively. The variable matrices,
AT casite1r AT casiiez and AT ;o4 are assigned.

o Solving simultaneous face contact equations.

1. Set up simultaneous face contact equations, f (q) = e for all related
contact equations in the modified relation graph.

>

) _ -1 1

S castter—rable © €castiel—tabte = WMeasttel AT o1 T casiter ] table Viable
. _ 1 1

fcastie2—~table © Ccasiez—iable = WDeasste2 AT ooyerT casiter] tableViabie
) - —1 -1

S stick—castiel  €stick—casitel = Mutick AT i T oricic ] castiet AT castie1 Veastiet
) _ L1

f stick—castle?  Cstick—castled = ns:ickA] stick ;;icchaﬂldATcaslldvcaﬂIeZ

(24)

Note that since Reasie1 —sapte aNd Reasite2 —apie are connected from Castle
1 and Castle 2, the corresponding contact equations are also included
in the simultaneous equation. However, no variable matrix is assigned
to Table.

2. Calculate the Jacobian of f, -8'9—;.

->Calculate the Paﬂlal derivatives Off casilel —wblevf casite2 —table af stick—castlel»
f stick—castle2 with respectto (- yXcastlel s Yeasdel s Zeastlel s Xeastlel s ﬂcastlel s Yeastlely " *

using the formula in Appendix.

3. Obtain Aq using the singular value decomposition method as Eq. 23.
-> Obtain ATgsick, AT costier, and AT casren.

4. Update q.

-> Correct Tyick, Teasiet and Teasie2 Using the correction term, AT gk
ATms.rlzh and ATcasIleZ-

5. Iterate from 1 to 4 until q converges.
-> Iterate from 1 to 4 until Ty, Teasiet, 804 Teasez dO not move,

13
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3.2 Modification of face contact relation graph

Our goal is to generate an error free assembly plan; to obtain error free motion pa-
rameters of assembly operations in the plan. Usually, the correspondence between
one motion parameter of one assembly operation and a current object configuration
in the relation graph is one to one. Namely, we can use the current configuration
of the manipulated object as the motion parameter of the assembly operation. (See
Figure 4(a).) In this case, we can simply medify the motion parameters according
to the adjustment of the object configuration describes in the previous section.
However, when several objects move by one single assembly operation, then the
one to one relation between the configurations and motion parameters does not
hold. This subsection will consider how to modify the contact relation graph to
accommodate such cases.

3.2.1 Operation dependency list

When several sub-assembled objects move, the motion parameter of the operation
is represented by the current configuration of the manipulated object. However,
the configuration of a sub-assembled object attached to the manipulated object
is determined not only by the current motion parameter but also by the previous
motion parameters which determine the relationship between the sub-assembled
and the manipulated object.

In Figure 4(b), at step 1, the configuration of object A is given by the motion
parameter D,,. Then at Step 2, we place object B using the motion parameter
D;. At step 3, we move object A using the motion parameter 7. Then due to this
operation, the object B also moves.

In order to represent such relations, we will introduce an operation dependency
list (ODL), a set of operations which cause an object configuration change. We
will attach an ODL to each object node instead of object configurations in a relation
graph.

An ODL is a symbolic list of the homogeneous transformations of motion
parameters. The product of the homogeneous transformations in a ODL represents
the current configuration of the object. Thus, an ODL provides the relation
between the current configuration and the motion parameter which locates the
object through the previous assembly operations.

At each step, an ODL of an object is updated accordingly. In the case that an
operation is applied to a single object, its ODL contains the motion parameter of

14



the operation. In the case that an operation is applied to sub-assembled objects, the
ODL of the manipulated object contains the motion parameter of the operation, as
is the case for a single object. On the other hand, an ODL of a remaining object in
the sub-assembled object group contains the current motion parameter, the inverse
of the previous ODL of the main object, and its previous ODL. Thus, the ODL
provides the relationship between the current configuration, which is given as the
product of the ODL, and the motion parameters of the previous operations,

For example, a sub-assembled relation is formed between main and sub object
in Fig 4(c). Atstep 1 and 2, object A and B have ODLs D,, and D;, respectively.
They form a sub-assembled object group. At step 3, we apply an operation
represented as T to the main object. The main object is the manipulated object
of this operation. Then, the ODL of the main object is updated to T. Since the
sub-object is sub-assembled to the main object, it also changes its configuration
by this operation. Thus, the ODL of the sub object is updated to 7D, 'D; which
corresponds to the list of the current operation, T, the inverse of the previous ODL
of the main object, Dy, and the previous ODL of the sub object, D;. The product
of the contents of the ODL provides the current configuration of the sub object.

A face contact equation is described by using a ODL as:

e = nD;'Dyv (25)

where D, and D, are ODLs of contacting objects.

Using face contact equations given by ODLs instead of those given by trans-
formations of object configurations, we can obtain adjusted motion parameters,
embedded in the ODL, in a way similar to the adjustment of configurations de-
scribed in section 3.1.

3.2.2 Disappeared relation

Another difficult case occurs when the current object configuration is given by
another object which has already disappeared from the scene and leaves the second
object not contained in the current relation graph. For example, in Figure 35, at
Step 1, we place object B using 7). You may consider object B as a fixture. Then,
at Step 2, we align object A using the fixture and parameter 7. Since we do not
need to have the fixture, at Step 3, we remove object B using T3. The current
configuration of object A at Step 3 is given by the previous relationship between
object A and B.

15
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Figure 4: Operation Dependency List; (a) single object, (b) sub-assembled objects,
ODLs of the sub-assembled objects.

In order to represent such disappeared relations, we will record all relations
which occur during operations so that we can retrieve necessary disappeared
relations. Due to this modification of the graph, when several assembly operations
have been applied to the same object, the object appears as multiple nodes in the

graph.

3.3 Adjustment procedure for motion parameters

By attaching ODLs and maintaining disappeared relations the face contact rela-
tion graph maintains the motion parameters of all assembly operations applied
previously. Thus, by applying the method described in the previous section to a
modified graph, we can determine the adjusted motion parameters.

More precisely, we will examine all residues of face contact equations corre-
sponding to all arcs in the relation graph. If any of the residues are greater than a
threshold value, the motion parameter corresponding to the arc should be adjusted.
By solving the face contact equations by setting these parameters as variables, we
can determine the adjusted motion parameters.

16
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Figure 5: disappeared relation

3.3.1 Example assembly task

Let us consider a sequence of assembly operations shown in Figure 6 for an
illustration of motion parameters adjustment. Here, each motion parameter for
one assembly operation is represented as homogeneous transformation T; of the
goal configuration of a manipulated object with respect to the world coordinate
system.

1.

Cube 1 is put on Work Table using T; assembly operation.

2. Cube 2 is put on Work Table by Ts.
3.
4

Cube 3 is put on Work Table making a face contact to Cube 1 by 7.

. Cube 1 is moved away from Cube 3 by T4. Cube 1 loses face contacts with

Cube 3 and Work Table.

Stick is inserted into Cube 2 and Cube 3 by Ts. Stick makes face contacts
with Cube 2 and Cube 3. Stick, Cube 2, and Cube 3 form a subassembled

object group.

The subassembled group, Stick, Cube 2 and Cube 3, is moved simultane-
ously and put into holes of Work Table together by Ts. Old face contacts of
these objects with Work Table disappear and new face contacts with Work
Table are made. Stick is the manipulated object and the operation applied to
whole subassembled objects is represented as T, which expresses the goal
configuration of Stick.

17
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Figure 6: Example Task
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At Step 6, in order to put them into the two holes correctly, we have to adjust the
configuration relation between the two cubes; this adjustment cannot be achieved
by the adjustment of current configurations. We have to adjust motion parameters
in Step 2 and Step 3 so that they create the proper relations among subassembled
objects. For this purpose, we have introduced ODLs.

Let us consider how to adjust the configurations of two Cubes and Stick at
Step 5. For the adjustment of Cube 3, we have to consider the contact of Cube 1
and Cube 3 at Step 2. However, such face contact has already disappeared at Step
5. In order to remedy this situation, we have maintained disappeared relations in
the graph.

Relation graphs at each step of the task shown in Fig 6 are shown in Fig 7.
At Step 4, Cube 1 is moved away from Cube 3 and Cube 1 loses face contacts
with Cube 3 and Work Table. But these face contact relations are maintained in
the relation graph, in order to maintain disappeared relations. At Step 6, ODLs of
sub-assembled objects Stick, Cube 2 and Cube 3 are updated as described in the
previous section.

3.3.2 Adjustment procedure

Let us consider Step 6. In order to put Stick, Cube 2 and Cube 3 into holes of
Work Table correctly, the adjustment procedure is as follows:

o Identifying variable matrices for motion parameters.

1. Remove stable objects from the relation graph.
-> Work Table is a stable object.

2. Determine the arc corresponding to the face contact relation which
should be adjusted.
-> Let us suppose that face contacts between two cubes and work table
should be adjusted; EITOT (EINS ECube? —Workiable @NA € ube’ —Workiable ATC
larger than a threshold value. Arcs R8 and R9 are determined to be
adjusted.

3. Select objects in the relation graph which are connected directly to the
arc(s).
-> Cube2 and Cube3 are connected to arc R8 and R9. Thus, Cube 2
and Cube 3 are selected.
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4. Retrieve ODLs of the selected objects and extract motion parameters
in the ODL(s).
-> Cube2 has a ODL containing motion parameters, T3, T5, Te. Cube3
has a ODL containing T3, T, Ts.

5. Choose motion parameters which are connected in the relation graph
to the extracted motion parameters.
-> Since T, is connected from T3 through Ry, T is also chosen. Thus,
T,, T;, T3, T5 and T¢ are chosen for adjustments. Note that T4 is not
related to those operations; it is not chosen for adjustments. Note that
T is retrieved through a disappeared relation R,.

e Solving simultaneous face contact equations.

1. Set up contact equations for each contact relation generated by chosen
motion parameters. Here the contact equation is described by using

ODLs as:
e = nD'Dyv (26)
->
R1: €cubel —table = ncubelATl_lT;lTovmbie
R2: ecuver—wovie = Meuwser AT; T3 ToVianse
R3: ecunes—tave = Mewres AT T ToViasie

; e

R4 : ecuves—cuvel = Mewwes AT T3 ' T1 ATV ouber
) 11

R6 : esick—cuber = NyiaxATs ' Ts T2 ATaVouser
. . 1

R7 . eick—cubes = Nyik AT ' T5 1 T3 AT3V 00003

X -1
R8 : ecuber—wavle = Deupe2ODL,,2ToViaple
L1 -1
Ccube2—table = MNewpea AT, T3 TsATs AT TeToViapie
) -1
RY : ecupes-tavte = MNeuwresODLZ, 2ToViape

Coubes—able = M3 AT T3 ' Ts ATs AT TeToViasie

2. Solve these equations, iteratively in the same way as Step 2 to Step 5
in the previous adjustment procedure.
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Rs

Figure 7: Relation Graph
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Step 5

Relation Graph (cont)
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4 Implementation in Assembly Plan from Observa-
tion

4.1 System overview

The human operator performs an assembly operation in front of a TV camera and
a range finder. Here, the TV camera continuously observes the scene. When a
human operator performs an operation, the brightness values in the images vary.
From the difference in brightness values, the system detects when a change occurs
in the scene.

After a certain period from the detection in brightness values, the APO system
invokes a range finder to generate more reliable depth information of the scene.
Comparing the current depth map with the previous depth map obtained at the
previous assembly operation, it extracts the difference in range data. The difference
in the two range maps corresponds to a manipulated object. By analyzing such
difference, the APO system recognizes the manipulated object and determines its
configuration.

The APO system generates a geometric representation of the manipulated as
well as environmental objects using the Vantage geometric modeler.

A robot assembly operation consists of two parts: a motion macro such as
move-to-contact or insert-into, and motion parameters such as from (0,0, 0,0,0,0)
to (1,0,0,0,0,0). By examining geometric representations of the manipulated
and environmental objects, the APO system determines face contact relations
between those objects. Consulting the procedure tree, which relates face contact
relations with necessary assembly motion macros, the APO system determines the
motion macro which causes the current face contact relation. Examining object
configurations in geometric representation, the APO system determines motion
parameters to complete the assembly operation.

Finally, the APO system commands the assembly operation to the robot to do
the same operation.

4.2 Iterative error correction

The current APO system is implemented for a robot to follow the human operation
each time. Thus, the error correction procedure runs and corrects object config-
urations after each assembly observation (range finder observation). Under this
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tracking mode of the APO system, we have implemented the following iterative
correcting method so that a robot needs fewer error recovering operations. 3

Let us suppose that the human performs the nth operation and the APO system
finding the residue e of the face contact equation which has been achieved by the
current human operation is greater than a certain threshold value; it finds some
inconsistency in configuration parameters. It is possible to eliminate this residue
by adjusting all the motion parameters as described in the previous section.

However, the current implementation of the APO system tries to find the &
most recent ODLs necessary to correct the residue, where & is between 1 and n. At
the first trial, by using only the nth ODL, the APQ system executes the adjustment
procedure. If the procedure finds Dy, the nth adjusted ODL to eliminate e,
the procedure succeeds, and the APO system performs only the ath assembly
operation using the corrected D,. If the correction of the nth operation fails, the
APO system tries to correct the sth and the n — 1th ODLs simultaneously. If it
fails, the APO system examines the earlier ODLs until it finds a set of the ODLs
{Da,...,D;} to eliminate e. Since the human operator succeeds in achieving the
same assembly relations, it is guaranteed that if the APO system uses all the ODLs,
it can eliminate the residue. Thus, there should be a set of ODLs among {D,}
through {D,,...,D1} to eliminate e .

Let us suppose the system finds a set of the operations {D,, ..., D;} that should
be corrected. Our current system does not add any extra assembly operations for
error correction besides a reverse order of disassemble operations. The APO
system performs the disassemble operations from the n — 1th operation through
the ith operation. Then, it repeats the ith through ath operation using the newly
corrected motion parameters.

3Depending on the implementation, use either this track mode or all-at-once mode. If all-at-once
mode is chosen, the system simply observes the entire sequence of human assembly operations,
and builds up the whole face contact relation graph. Then, it solves the simultaneous equations
all at once using the method described in Lhe previous section. Thus, it is not necessary to use the
iterative error correction method described in this section.
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S Examples

5.1 Simple case

Fig. 8 shows the three-step human operations:
e Step 1 - put a castle (castlel) on a table,
o Step 2 — put another castle {castle2) on the castle,
o Siep 3 —insert a stick between the two castles.

At each step, the APO system observes human operations and tries to repeat
the same operations.

In this example, we will focus on the 3rd step. This step aims to insert a
stick into the hole between two castles. In this example, due to careless human
operations at step 2, the hole between the two castles does not have enough
clearance to insert the stick. At step 3, a human adjusts this hole and inserts the
stick with a simultaneous operation using both hands.

On the other hand, the system only detects an appeared stick and identifies the
configuration of the stick; the movement of Castle 2 is too small to be detected. So
the internal geometric representation has an illegal face contact relation between
the stick and the hole as shown in Figure 9(a). This example aims to correct the
motion parameters so that it generates the relation as shown in Fig 9(b). Without
this adjustment, the APO system fails to perform the operation as shown in Fig. 10.

At the 3rd step, the APO system generates the relation graph as shown in Step
3 of Fig. 8. From the amount of residues in R3 and R4 face contact equations,
the system detects inconsistency in the graph. By using the procedure to identify
variable matrices in page 19 with R; and Ry, the APO system identifies T5,72,T
as the ODLs necessary to adjust.

Since the system is in iterative correction mode instead of all-at-once mode, the
APO system tries to correct this inconsistency by only adjusting T3. By assigning
a variable to T, the system sets up face contact equations. By iteratively solving
this equation using the SVD method described in page 20, the system obtains a
converged T5. Then, the system recalculates the residue, e of the face contact
equations using the converged T3 and examines whether the newly obtained e is
less than the threshold value or not. In this example, the residue is still larger than
the threshold value, and the trial fails.
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Step 1 Step 2

R, Ry
T, =
Ty Ry R
Tz
Step 1 Step 2 Step 3

Figure 8: Human operation and face contact relation graph
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Then, the APO system tries to repeat the same procedure using T3 and T as
variable matrices. In this case, it succeeds in finding T) and T that satisfy the face
contact equations (with residues smaller than the threshold value).

The system disassembles Castle 2 using T» (Fig. 11(a)) and place Castle 2
using the new T4 (Fig. 11(b)). Then, the system inserts Stick between Castlel and
Castle 2 using the new T3 (Fig. 11(c)).
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E

Figure 9: Stick between Castle (drawings)

28



Figure 10: Failure of Example 1
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Figure 11: Robot operation
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5.2 Operations containing sub-assembled objects
A human performs the following operations:

Step 1 —put Castle 1 on Work table,

Step 2 — put Castle 2 on Work table,

Step 3 — put Cube on Castle 1,

e Step 4 - insert Stick into Cube (Stick and Cube are sub-assembled.),
s Step 5 - put Stick and Cube on Castlel and Castle2.

These steps and their face contact relation graphs are shown in Fig. 12.

Due to the human operational error at Step 2, the system predicts the failure
as shown in Fig. 13, '

At Step 5, the face contact equations given by Rs and R¢ have larger residues.
From the face relation graph, Stick, Castle 1 and Castle 2 are related nodes. Stick
has the ODL, Ds,, containing T, T4, T5. Castle 1 has the ODL, Dy, containing T,
and Cast 2 has the ODL,D; containing T,. Thus, the candidate variable matrix
set is formed by T's, Ta, T3, T2, T1. Note that the motion parameters 73 and T4 are
retrieved through the Ds, ODL.

Following the iterative error correcting procedure, the APO examines, {Dsm, Dss},
{Dsm,Dss,Ds},... ,iteratively. Itfindsthat the motion parameter set {T5,T4, T3, T2}
has a solution matrix set that satisfies the face contact equations.

The system disassembles the group of objects following the inverses of Step 4
and Step 3 (Figure 14(a) and (b)). The system modifies the configuration of Castle
2 using D} (Figure 14(c) and (d)). It assembles the objects following Step 3, Step
4, and Step 5 using D}, D}, and D5, (Figure 14(e),(f) and (g)).
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Figure 12: Human Operation 2 (Sub-assembly operations)
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Figure 13: Failure example 2
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Figure 14: Robot Operation 2
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5.3 Operations containing a disappeared relation

The final example contains a disappeared relation which needs to be corrected.
The human operator performs the following operations:

o Step 1 —put Castle 1 on Work Table,
¢ Step 2 — put Cube on Work Table,

e Step 3 - put Castle2 so that it has face contact with Cube (you may consider
the Cube as a fixture to align the configuration of Castle2).

e Step 4 — removes Cube, (because we have finished alignment of Castle2
with Cube)

e Step 5 — put Stick on Castle 1 and Castle 2.

See Fig. 15.

At Step 5, the face contact equations given by Re and Ry are not satisfied. The
system predicts the situation shown in Fig. 16 if it uses Ts.

Since R and Ry contain a sub graph formed by Stick, Castle 1, Castle2, and
Cube, a motion parameter set, {Ts,T3,T2,T,} is formed as a variable matrix set.
Note that since the disappeared face contact relation R4 is maintained as an arc in
the graph, the motion parameter T3 is retrieved though the arc.

The system examines {T5}, {T5,T3},..., iteratively and obtains Ts,73,T; to
satisfy the face contact equations. The system disassembles using the inverses of
Step 4'and Step 3 (Figure 17(a) and (b)), modifies the cube confi guration using 75
(Figure 17(d}), and then assembles using T3, T,, T (Figure 17(e),(f) and (g)).
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Figure 15: Human operation 3
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Figure 16: Failure example 3
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(a) (b) ()

(d)

(g)

Figure 17: Robot operation 3
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6 Conclusion

This paper describes a method to correct motion parameters based on face contact
relations. A face contact equation is defined so that a vertex of one face is on the
plane including the other face. Motion parameters are corrected by simultaneously
solving face contact constraint equations using the singular value decomposition
method on the initial values given from observation.

We have represented relations among motion parameters using face contact
relation graphs, whose nodes denote objects with motion parameters applied to
the objects and whose arcs denote face contact relations. In order to correct
motion parameters of subassembled objects, operation dependency lists (ODL)s,
symbolic lists of homogeneous transformations to represent motion parameters
are introduced.

We have implemented this method in the APO system, applied the method to
several assembly examples, and verified the effectiveness of the method.

Future directions include: how to handle curved surfaces, and how to handle
objects which have wide clearances.
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7 Appendix

Each component of the Jacobian matrix —g-% is calculated by substituting AT, or
AT;! which correspond to g; in Eq.3 as following values:

OAT, _ _6AT; !
axg B 6x,¢
OAT, _ 0ATY!
e Oy
AT, _ 3AT;'
82,‘ - 62*
OAT, _ 8AT' _
day day
0AT, _ _BAT; ]
i Jf 0B«
0AT, _ aAT;!
O O
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