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Abstract A robot grasp synthesis algorithm for automated
disassembly is presented. The goal is to select grasping
points in each part to be disassembled so that a previously
planned disassembly sequence can be performed holding
the parts firmly and avoiding collisions. The algorithm is
structured in five steps in order to make it general enough
to cope with different robot grippers and different geo-
metrical data (2D or 3D). The system is learning based, and
behaviour rules are automatically extracted from grasping
examples given by the user, using mainly decision trees
and nearest neighbour techniques. Some simulation ex-
periments have been carried out and results with a two
fingered robot gripper are presented.

Keywords Decision trees - Disassembly - Machine
learning - Robot grasping

1 Introduction

Governments, enterprises and researchers are recently pay-
ing much attention to disassembly processes; the main
reason being ecology consciousness [1]. Among the dif-
ferent research topics involved, disassembly automation
has been intensively studied [2-5].

The starting point of most automatic disassembly
algorithms is the CAD description of the product [6, 7];
sometimes this information is updated or improved with
additional data obtained from the actual object to be
disassembled, by means of video cameras or other sensing
devices [8]. This additional data helps in locating the
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product pose in the disassembly environment and also in
detecting minor deviations from the CAD description.

Using such information, most researches address two
problems: first, the generation of a feasible disassembly
sequence; and second, the generation of collision-free dis-
assembly paths. However, there is an extra problem that is
seldom considered: how to grasp the different parts. Grasp
selection has to be considered relevant in a disassembly
automation proposal as a wrong grasp may result in the
parts being damaged (there may be fragile elements in the
part which should not be touched); in the parts slipping
from the gripper (non closure grasps, unstable grasps); or in
collisions between the grasping device and the product to
be disassembled.

The most common grasping device is a robot gripper,
and there are different options: the first one is the use of a
tool-changer device and ad-hoc grippers for each part to be
grasped; and the second option is the use of a versatile
multipurpose gripper. This second option seems more
adequate as it adds flexibility to the disassembly process,
i.e. previously unknown parts can be grasped and pre-
viously unknown products can be disassembled. Versatile
grippers range from the common two jaw parallel gripper
(provided that its stroke is long enough to hold objects of
different sizes) to complex multi-fingered robot hands. A
survey of grasping devices of different complexity can be
found in [9].

Once the gripper is selected, the grasping of an assembly
part is defined by the contact points on the surface of the
part where to place the gripper fingers (only pinch grasps
will be considered in this paper, enveloping grasps [10] are
not suitable for disassembly processes as usually there is
not enough room as to envelope the part with the robot
hand) and the relative pose of part and gripper. There are
multiple-infinite-choices, and the selection is by no means
trivial.

Most authors that address this problem, simply rely on
an iterative algorithm that chooses-randomly or based on
simple heuristics-grasping points in order to find a collision
free grasp through all the disassembly path using a two jaw
gripper [11]. However, other aspects like grasp closure,



grasp stability or part damage are not considered. Some
other authors [12] adapt techniques originally developed
for assembly automation, like the one proposed by Van
Holland [10] where finger domains are obtained using both
geometrical information from the 3D CAD models and
extra information supposed to be available as features
(particularly, handling features give information about how
to grasp a certain part) or as forbidden areas (areas where
the fingers of the robot gripper should not be placed).
Another technique adapted from assembly automation is
the one proposed by Bard [13] which performs robot hand
preshaping from octree based representations of the shape
of'the part to be grasped. However, all these adaptations do
not take into account the higher degree of uncertainty
present on disassembly processes, where the products may
not match completely their CAD description.

Part grasping has also become a research subject on its
own and multiple researchers have proposed different
grasp synthesis algorithms. Several approaches can be
emphasized: those synthesizing force closure grasps [14,
15], those synthesizing optimal grasps according to dif-
ferent quality criteria [16, 17], or those based on general-
ized prototypes [18]. However, none of these techniques
can be directly applicable to a disassembly scenario, as the
part to be grasped is considered to stand alone and
restrictions related to the interrelation with other parts of
the assembly or with disassembly paths can not be added
easily.

2 Problem statement and proposed approach

The goal is to select the optimum grip for a certain part of
an assembly, provided that both the disassembly sequence
and the disassembly paths have been obtained previously
(this work will not focus on such aspects). Both the part to
be grasped and the remaining assembly parts are supposed
to be defined by a 3D CAD model or by the information
extracted from sensor readings. The grasp synthesis al-
gorithm should be general enough as to cope with different
grasping devices.

A learning based approach is proposed, where grasp
synthesis is performed in five steps. The next sections de-
scribe each of these steps:

1. Generation of candidate contact points

2. Evaluation of candidates and filtering of invalid
contact points

3. Computation of feasible grasps

4. Evaluation of grasps and selection of the optimum set
of contact points

5. Selection of the best arm and hand configuration

3 Generation of candidate contact points

All the points belonging to the outer surface of the part to
be grasped not in contact with other parts of the assembly
through the disassembly path are considered candidate
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contact points. These are the points where a finger of the
gripper may be placed. This first step can be performed
straightforward provided that both an adequate 3D rep-
resentation of the assembly and full disassembly paths are
available. The results (free surfaces) are discretized and
converted to a finite set P of z candidate points p;, as Eq. 1
shows.

P = {P17P2,---,Pz} . pi € FreeAreaVi (1)

4 Evaluation of candidates
4.1 Local attributes selected

Candidate contact points are evaluated on the basis of a
comparison of local attributes with previously stored grasp
examples. There are two local attributes that have to be
measured for each candidate point:

— Distance from the point to the centre of gravity of the
object (part to be disassembled).

—  Multiresolution measure of the local convexity of the
object surface at the contact point.

Using a multiresolution scheme helps in distinguishing
valid from invalid contact points as stated in our previous
work [19]. In order to create an algorithm as general as
possible and adaptable to different disassembly environ-
ments, 2D or 3D expressions of the previously defined
local attributes are considered.

2D local attributes can be used when the DOF of the
robot arm and gripper are limited, so that only normal
grasps can be performed, i.e. the gripper is always parallel
to the disassembly direction and the contact points are
located in a plane normal to such direction. Under this
restriction, the part to be grasped can be represented by the
outer contour of its projection over the normal plane; and
both distances and convexities can be computed in 2D.

When the gripper is equipped with more DOF, it can
perform grasps in different directions. Thus, local features
have to be computed in 3D, as the orientation of the grasp is
not known in advance. Figure 1 clarifies such difference:
the 3D geometry of the part to be grasped is not necessary
when only normal grasps can be performed.

Local attributes are computed for the z candidate points
obtained in the previous step of the algorithm, and they are
classified by means of a decision tree inferred from the
examples given by the user.

The output of this step of the algorithm is a set P’ of 2’
valid grasping points p;, where z'<=z, as Eq. 2 shows.

P ={p1,pas ...z} : pi € PVi, p; valid Vi ?2)

4.2 Machine learning algorithm used

Apart from decision trees, different learning algorithms
have been considered (a detailed comparison of their
performances can be found in [19]). Both quantitative and
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Fig. 1 Left: knowledge about the 3D geometry of the part to be
grasped is not needed when only normal grasps are performed: its
projection over the plane normal to the grasping direction is enough.
Right: when the grasping direction is not known in advance, the 3D
geometry is required

qualitative criteria have been used to select the best al-
gorithm for the application. The methods compared were
nearest neighbour, multilayer perceptron, radial basis
functions, naive Bayes, decision trees and rule lists.

Four different quantitative criteria were evaluated:

— Percentage of correct classifications in a tenfold cross
validation test with 400 examples.

— Percentage of correct classifications with a variable
number of training examples ranging from 20 to 380

(allows to evaluate the behaviour of the algorithm
when there are few examples).

— Off-line (training) computation time.

— On-line (classification) computation time.

Concerning the first test, the results are shown adjusted to
a normal distribution in Fig. 2. The highest classification
rates are obtained by nearest neighbour, followed by
decision trees, rule lists and multilayer perceptron. The
results of the second test are shown in Fig. 3, where the same
four algorithms obtain the highest values in all the range of
training examples.

The evaluation of computing time brings interesting
results: nearest neighbour is not applicable due to its huge
on-line computation time, which is linear with the number
of training examples. The remaining algorithms have a low
and almost constant on-line computation time, which allow
all of them to be used. Off-line computation time is not so
relevant, as training is only performed once after gathering
all the examples. However, only multilayer perceptron and
radial basis functions have high values for such time.

The qualitative criteria chosen include readability of the
results (relevant as it allows user supervision of the pro-
cess), robustness to noisy training examples; and sensitiv-
ity to tuning parameters (low sensitivity is preferred, as it
allows an easier and more reliable implementation in a real
application). Table 1 shows the behaviour of the different
algorithms under such criteria.

Taking into account all the results, both decision trees
and rule lists have to be considered the best algorithms.
Among them, the decision trees have been chosen as they
have been considered easier to read and to interpret (most
relevant attributes are explicitly shown at the higher tree
levels).
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5 Computation of reachable grasps

Ideally, a generic robot hand or gripper of n fingers may
perform (%) different grasps by placing its fingers over the
z" valid contact points. However, most of these combina-
tions of grasping points will either be kinematically
unreachable by the robot hand or result in a collision
between robot hand and parts of the assembly. The purpose
of this step of the algorithm is to filter all these unfeasible
grasps.

The first problem to be addressed is the reachability of
the contact points. This process is performed quite easily
when the grasping device is as simple as a two jaw gripper,
but more complex grasping devices make it necessary to
solve a redundant and highly dimensional inverse kine-

Table 1 Qualitative criteria: the optimum algorithm should have
high readability, high robustness to noisy training examples and low
sensitivity to tuning parameters

Readability Robustness to noisy  Sensitivity to
training examples tuning parameters

Nearest none low low
neighbour
Multilayer  low high high
perceptron
Radial basis low low high
functions
Naive Bayes none high low
Decision high high low
tree
Rule lists high high low

100 150 200 250 300 350 400

number of training examples (points)

matics problem. There are several reasons that justify the
complexity of such problem:

— The inverse kinematics must be computed for each of
the n fingers of the robot hand. The number of DOF is
m+m;, where m DOF correspond to the robot arm and
m; DOF correspond to the ith finger of the gripper.
Under such circumstances, the configuration of the
robot arm and gripper can be expressed as Q in Eq. 3;
where g; represents the ith joint of the robot arm and ¢;;
represents the jth joint of the ith gripper finger.

Q = {q17 ceey Qm, qll’ ceey q1m| LERARE) ina ey qnmn}v

gi, g € NVi, j. (3)

— As all contact points have to be reached simultaneous-
ly, there is an extra restriction that should be added: the
arm joint coordinates have to be kept constant through
all the n inverse kinematics problems. Figure 4 ex-
emplifies such restriction.

— Apart from the previously mentioned restrictions, there
could be additional restrictions imposed by the
particular robot gripper used, i.e. some of the joints
may be dependant, as it happens in the three fingered
articulated gripper shown in Fig. 5.

The previously described problem has not been solved
for a general robot gripper with n fingers, each of them with
m; degrees of freedom, connected to the wrist of a generic
m DOF robot arm. Some authors propose methods for
solving the inverse kinematics in multifingered grippers
[20, 21] but these methods can not work in real time, and
this problem is really important as the inverse kinematics
must be solved (%) times.
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Fig. 4 The m joint values of
robot arm are common to all the
n kinematic chains (one per
gripper finger). The remaining
m; joints belong exclusively to
finger i

qQ2
qm
q1

The second test (collisions check) has been widely
studied by different researchers [22]. There are multiple
optimized algorithms devoted to the detection of collisions
between static or dynamic objects [23-26]. However, even
these optimized algorithms are not fast enough to perform
the () collision checks required. The main idea is to avoid
performing such a huge number of checks.

Considering the two problems to be addressed (kine-
matics and collisions), a feasibility check strategy is
proposed, based on performing successive filterings of in-
creasing complexity. Actually, most of the combinations of
contact points can be discarded clearly without the need to
perform complex kinematics or collisions analysis, e.g.
points too far from each other, points that will clearly result
in a collision, etc. Performing simple analysis first, helps in
reducing the number of candidates for further stages and
thus in reducing computational load. Figure 6 shows the
structure of the proposed strategy.

Fig. 5 Three fingered articulat-
ed robot hand: an extra restric-
tion is added as the movement
of the two articulated fingers

is coupled

q2

qm
qi

Jnmn

This strategy requires design of specific filters for each
particular robot arm and hand. Some experiments are being
carried out at present; in the experiments performed so far,
the most simple filters deal with the maximum and
minimum distances allowable between the contact points,
and the distance from the robot origin to the centre of the
contact points. These filters are extremely fast and allow
discarding many combinations of contact points. Further
tests include the computation of the surface normals at the
contact points and the establishment of relations between
them, and slightly more complex tests deal with simplified
collision checks (based on expected angles between surface
normal and finger stroke direction). Finally, the full
kinematics analysis and detailed collision test are only
performed for a small subset of grasp candidates.

The result of this step of the algorithm is the set of
reachable grasps where the gripper fingers are placed in
valid contact points. Equation 4 represents each possible
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Fig. 6 Successive filterings to /\
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grasp as a set g; of n valid contact points; the s = (f,)
theoretically possible combinations of valid contact points
are represented as G in Eq. 5; finally, the s’ reachable grasps

are represented as G’ in Eq. 6.

g = P12 -pa) ipi €P L pi £ P Vi “4)
G={g.g, . &} 6]
G' ={g,2.....8¢} : & € G, gireachable Vi 6)

6 Evaluation of grasps and selection of the optimum
set of contact points

6.1 Global attributes selected

Candidate grasp sets (sets of n grasping points) are eval-
uated on the basis of a comparison of their global attributes
with those of the previously stored grasp examples. The
global attributes (not related to a single contact point but to
the relations between the n contact points) are measured
using as a reference the centre of gravity of the convex hull
defined by the n contact points. Two different attributes are
defined:

— Distance from the reference point to the centre of
gravity of the object.

— Multiresolution measure of the angle between the
surface normal at the contact point and the line directed
to the reference point.

The first global attribute used allows distinguishing
centred grasps from non-centred ones, i.e. it will allow to
infer rules showing the kind of objects where the user
performs centred or non-centred grasps, and to imitate such

Fig. 7 Distance from the reference point to the centre of gravity
allows distinguishing centred from non-centred grasps

behaviour. Figure 7 shows an example of an object being
grasped (with a three-fingered gripper) in two different
ways, and how the distance attribute allows to distinguish
both grasps.

The second global attribute has a close relationship with
the fulfilment of the force closure condition. It can be
proved [27] that a two-fingered grasp (contact points with
friction are assumed) fulfils the force closure condition
when the line joining both contact points lies within their
friction cones. Figure 8 gives examples of grasps fulfilling
or not fulfilling such condition.

Under such circumstances, the proposed attribute gives
relevant information: as its values approach zero, the grasp
is more likely to fulfil the force closure condition.

When a three fingered gripper is used, similar criteria
can be established [28]: the grasp fulfils the force closure
property if the friction cones of the contact points intersect
each other, and the contact normals do not belong to the
same half-plane (these are sufficient but not necessary
restrictions for determining force closure). Figure 9 shows
an example.

As the symmetry axis of the friction cones is collinear
with the surface normal, the closer the angle between the
normal and the line directed to the reference point gets to
zero, the more likely is the force closure condition to be
fulfilled.

In brief, such attribute allows to infer rules related to the
kind of objects where the user decides to perform force
closure grasps, i.e. the situations where a force closure
grasp should be chosen.

The proposed attributes are valid for 2D and 3D rep-
resentations of the objects. Both attributes (distance and

Fig. 8 When two contact points are used, the line joining both
points must lie within the friction cones in order to fulfil the force
closure condition: in the example, only the right grasp is force
closure
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Fig. 9 When three contact points are used, the existence of an
intersection between the three friction cones is related to the
fulfilment of the force closure condition: in the example, only the
right grasp is force closure

multiresolution angle) are measured for all the candidate
sets of contact points, and their values are compared to
those of the grasp examples provided by the user. Only the
candidate grasps with similar attribute values to those of
the examples are kept for the next step of the algorithm; the
remaining ones are discarded.

The means used to obtain the 3D representation of the
objects is out of the scope of the present work, but there
could be multiple options:

— First, CAD data of the object could be used. Such data
may not be completely accurate due to differences
between the design of a certain part and its actual
shape, but minor discrepancies do not affect the
proposed method, as surface points are discretized to
a certain resolution and small details are therefore lost.

— Another option is the use of range sensors, which allow
to obtain an accurate 3D representation of the object
(however, there could be hidden regions if only a
viewpoint is used).

— Finally, video cameras are also a valid option. If a
single camera is used, only 2D information can be
obtained, so such solution may only be valid for nor-
mal grasps.

Otherwise, stereo vision or structured light should be
required in order to capture the object 3D shape (again,
there could be hidden regions in the object if only a
viewpoint is used).

With independence of the means used to obtain the
geometry, the proposed approach can be easily applied.

6.2 Machine learning algorithms used

The whole process takes place in two stages. In the first
stage, the problem is similar to that of step 2 of the
algorithm: the candidate grasp sets are classified as valid or
invalid sets. Different learning algorithms can be used for
this stage, which is again a classification process. A similar
comparison to that performed for step 2 of the algorithm
was also carried out, but using global attributes instead of
local ones. The classification rates obtained in the cross
validation test (first quantitative criteria) are shown in
Fig. 10, with slightly different results: the best method is
again the nearest neighbour, but the multilayer perceptron
outperforms decision trees and rule lists. The effect of the
number of training examples (second quantitative criteria)
was also analyzed: the results shown in Fig. 11 are quite
similar: the best method is the nearest neighbour followed
by the multilayer perceptron, but decision trees also offer
high classification rates.

The reasons why the results are slightly different can be
found in the different distribution of the attribute values.

Fig. 10 First quantitative 8 '
criteria: cross validation results j
(sets of contact points) 16k | o
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Fig. 13 Simulation environ-
ment: general view
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Global attributes seem to have easier to classify distribu-
tions than local ones, as the percentage of correct clas-
sifications in this step of the process is higher than that of
step two. Besides, the average sizes of decision trees, rule
lists and multilayer perceptrons, which give an idea of the
complexity of the decision boundaries, are much lower.

Analyzing the comparative results, decision trees have
been selected also for this step of the process, even giving
lower classification accuracies than other algorithms:
nearest neighbour has to be discarded because of its high
on-line computational load; and multilayer perceptron is
also considered inadequate as its model is not readable. The
best algorithms are thus rule lists and decision trees (their
classification accuracies are very similar). Both choices
would have been correct, but it was decided to use decision
trees because of their higher readability.

Fig. 14 Simulation environ- i
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The second stage deals with the selection of the best
grasp among all the valid ones, as classified by the former
decision tree. For this stage, a variation of the nearest
neighbour algorithm is used, and the selected grasp is the
one closer to one of the valid grasp examples given by the
user.

The whole process could have been reduced just to the
second stage, choosing directly the feasible grasp more
similar to one of the grasp examples. However, this
strategy would not be robust to noisy training examples,
and a wrong set could be selected due to its proximity to an
incorrectly recorded grasp example. That is the reason why
a two stage process is proposed instead.

The first stage is described in Eq. 7, where the sets of
reachable contact points classified as valid by the decision
tree are represented as G”; the second stage is described in
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Fig. 15 First part tested:

(a) valid contact points;

(b) valid contact sets (2 contact
points); (¢) selected set and
synthesized grasp

a

Eq. 8, where dist(a,b) represents the Euclidean distance
between grasps a and b, defined in the space of normalized
global attributes; and ej; represents the kth grasp example.

G" = ({g1,g2, -8} : g € G, givalid Vi) @)

Gselece = & € G" n:é,in (diSt(ghejk))

< min (dist (. ¢jx)) ¥ # i (8)

The final result of this step of the algorithm is the
optimum set of n contact points to perform the grasp.

7 Selection of the best arm and hand configuration

Once the contact points have been selected, a configuration
for robot arm and hand has to be chosen. In the general
situation, there will be multiple (or infinite) choices for
reaching the contact points, due to the possible kinematical
redundancy of robot arm and hand. In some particular
situations (e.g. two jaw parallel grippers attached to a non
redundant robot arm) there is only a configuration capable

b c

of reaching the contact points, so this step of the algorithm
is straightforward.

For the general situation, a learning based strategy is used,
in order to find the most similar configuration to that of one
of the grasp examples given by the user. A variation of the
nearest neighbour algorithm is also used for this step of the

process, but an important modification is made: distances
n

are measured in a m + Y m; dimension space, where m
i1
represents the DOF of the robot arm and m; the DOF of each
of the n gripper fingers. However, not all the dimensions of
the space have the same relevance in defining a grasp: those
joints closer to the contact points are supposed to be more
representative of the grasp type. In this way, a weighted
version of the nearest neighbour method is used, where higher
weights correspond to joints closer to the contact points.
The result of this step of the grasp synthesis algorithm is
a configuration of robot arm and hand fulfilling the
following properties:

— The optimum set of contact points is reached.

— There are no collisions between robot arm and gripper
and the different assembly parts.

— The configuration is optimal in terms of its similarity to
one of the stored grasp examples.

Fig. 16 Second part tested:

(a) valid contact points;

(b) valid contact sets (2 contact
points); (c) selected set and
synthesized grasp

Fig. 17 Third part tested: (a)
valid contact points; (b) valid
contact sets (2 contact points);
(c) selected set and synthesized
grasp
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Fig. 18 Assembly example used for the second experiment

Fig. 19 Disassembly sequence
for the second experiment

Fig. 20 First part to be disas-
sembled: (a) valid contact
points; (b) valid contact sets;
(c) selected set and synthesized
grasp

Fig. 21 Second part to be dis-
assembled: (a) valid contact
points; (b) valid contact sets;
(c) selected set and synthesized

grasp

8 Experimental results

A database of 50 different parts (partially shown in Fig. 12)
has been created in order to test the validity of the
algorithm. Some of the parts are available in different sizes,
thus increasing the variability of examples used for the
tests. Different experiments have been carried out with
such a database. First, the validity of the proposed
algorithm has been tested for standalone parts: the goal is
to test whether the system is able to learn from the
examples how to grasp previously unknown parts. Then,
the system is tested in an assembly built with different parts
of the database, and the goal is to test whether the algorithm
is able to select the correct grasp for each part to be
disassembled, while avoiding collisions with the remaining
parts. A simulation environment with a scara robot and a
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Fig. 22 Third part to be disas-
sembled: (a) valid contact
points; (b) valid contact sets;

(c) selected set and synthesized
grasp (the fourth part is
equivalent)

oL 10

[ 10O 1O

a b c
Fig. 23 Fourth part to be dis-
assembled: (a) valid contact
points; (b) valid contact sets; N
(c) selected set and synthesized
grasp

a b c

two jaw gripper has been developed in order to be able to
give grasping examples and test the behaviour of the grasp
synthesis algorithm. This environment is shown in Figs. 13
(full view) and 14 (detailed view of the gripper area
grasping a part).

8.1 First experiment: standalone parts

The goal of the first experiment is to check the validity of
the proposed approach with standalone parts. The simula-
tion environment is used to give training examples to the
system. Different parts are presented to the user who should
grasp them with the two jaw gripper, and for each example
the contact points and the geometry of the part are stored
(only 2D information is used, so the geometry is repre-
sented as the outer contour of the part).

Obviously, the results improve when the number and
variety of the training examples are increased. For this
experiment, it was decided to give a total of 60 training
examples to the system, randomly selected from the
database (the same part may be presented twice). Once
these 60 training examples were recorded, the decision
trees were inferred from local and global data, and the
system was able to perform grasps autonomously. A
previously unknown part (not used for training) was then
presented to the system, who autonomously decided how to
grasp it. Figure 15a shows the valid contact points selected
by the algorithm in the contour of a certain part; Fig. 15b
shows the valid sets of contact points (2 contact points as a
2 jaw gripper is used); and Fig. 15¢ shows the final pair of
contact points selected and the synthesized grasp. The same
results are shown in Figs. 16 and 17 when different parts
are presented to the system. It must be concluded that the
system is able to grasp autonomously a certain part, and to
imitate the user behaviour.

8.2 Second experiment: part grasping in a disassembly
sequence

Figure 18 shows the example assembly used for the second
experiment. The disassembly sequence and disassembly
paths are supposed to be known in advance, and the whole
process is shown in Fig. 19. The purpose is to select an
adequate grasp for each part to be removed from the
assembly. A similar environment to that used in the first
experiment will be considered, and only 2D information
will be given to the algorithm (outer contour of the parts to
be grasped). As only 2D information is used, the z axis of
the gripper needs to be fixed a priori; for the experiment it
will be considered that the z axis of the gripper is aligned
with the disassembly direction of each part, and the goal is
to select 2 dimensional grasping points on the contour of
the part at a fixed height.

Fig. 24 First tests on a real environment with standalone parts
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The algorithm is not retrained for the second experiment,
even though the previous training was performed with
standalone parts. The intention is to test how the system
behaves in previously unknown situations. The results are
shown in Figs. 20, 21, 22, 23 for each element to be
disassembled. In each figure, the dark grey areas cor-
respond to the 2D projections of the assembly whose height
equals or exceeds that of the gripper (i.e. a collision may
occur); the light grey regions correspond to the 2D
projections of the assembly whose height is below that of
the gripper (i.e. there is no risk of collision). The results
show that a good quality grasp is found for all assembly
parts, and that collisions are avoided.

9 Experimental setup

The same experiments carried out in the simulation envi-
ronment are being performed at present on a real system.
The first tests have shown that standalone parts can be suc-
cessfully grasped using a single video camera and 2D in-
formation. Only the contour of the object is used to select the
grasping points, and the objects are grasped at a fixed height.
Figure 24 shows an image of the experimental setup.

10 Conclusions

An automated disassembly system must include a grasp
synthesis step in order to be applicable in a real scenario.

Learning based grasps synthesis algorithms that imitate
the user behaviour are particularly suitable for disassembly
processes where the examples given by the user allow to
infer relevant information: fragile elements that should not
be touched by the grippers, optimum gripper configuration
to reach a set of contact points in a certain assembly, etc.

Among the machine learning algorithms compared in this
scenario, decision trees are selected: even though their clas-
sification accuracy is not the highest one, they offer relevant
qualitative advantages like readability and robustness.

Although grasp synthesis is very dependant on the robot
arm and gripper used, it is possible to establish a general
structure valid in different disassembly scenarios. The five
step algorithm proposed can be adapted to many different
environments.

Computational load can result in a grasp synthesis
algorithm not being applicable in a real scenario. The pro-
posed algorithm decouples local and global grasp attri-
butes, thus resulting in a reduction of the number of grasp
candidates to check. Apart from that, a strategy based on
successive filterings of increasing complexity is proposed,
in order to obtain further reductions in computational load.

Future work will be focused in developing a 3D
simulation environment and testing the algorithm in a
real scenario. Some preliminary tests have been performed
in such a real scenario, with promising results.

References

1.

10.
11.

12.

13.

14.

15.
16.

18.

19.

20.

21.

22.
23.
24.

Aksoy HK, Gupta SM (2002) Capacity and buffer trade-ofts in
a remanufacturing system. Environ Conscious Manuf II, SPIE
4569:167-174

. Gungor A, Gupta SM (2001) Disassembly sequence plan

generation using a branch-and-bound algorithm. Int J Prod Res
39(3):481-509

. Zeid 1, Gupta SM, Bardasz T (1997) A case-based reasoning

approach to planning for disassembly. J Intell Manuf §(2):97-106

. Zussman E, Zhou MC (2000) Design and implementation of an

adaptive process planner for disassembly processes. IEEE
Trans Robot Automat 16(2):171-179

. Torres F, Puente ST, Aracil R (2003) Disassembly planning

based on precedence relations among assemblies. Int J Adv
Manuf Technol 21(5):317-327

. Shyamsundar N, Gadh R (1999) Geometric abstractions to

support disassembly analysis. IIE Trans 31:935-946

. Srinivasan H, Gadh R (1998) A geometric algorithm for single

selective disassembly using the wave propagation abstraction.
Comput Aided Des 30(8):603—-613

. Torres F, Gil P, Puente ST, Pomares J, Aracil R (2004)

Automatic PC disassembly for component recovery. Int J Adv
Manuf Technol 23(1-2):39-46

. Bicchi A (2000) Hands for dexterous manipulation and robust

grasping: a difficult road towards simplicity. IEEE Trans Robot
Automat 16(6):652—-662

Van Holland W (1997) Assembly features in modelling and
planning. Dissertation, Delft University of Technology

Puente ST (2002) Desensamblado automatico no destructivo
para la reutilizacion de componentes. Aplicacion al desessam-
blado de PC’s. Dissertation, University of Alicante

Wai Sung RC (2001) Automatic assembly feature recognition
and disassembly sequence generation. Dissertation, Heriot-Watt
University

Bard C, Trocca J, Vercelli G (1991) Shape analysis and hand
preshaping for grasping. Proc Intelligent Robots and Systems,
Intelligence for Mechanical Systems 1:64-69

Nguyen VD (1986) The synthesis of stable force-closure
grasps. Technical report AI-TR-905, MIT Artificial Intelligence
Laboratory

Toth E (1999) Stable object grasping with dextrous hand in three-
dimension. Periodica Polytechnica Ser El Eng 43(3):207-214
Ferrari C, Canny J (1992) Planning optimal grasps. Proc. IEEE
Conf. on Robotics and Automation, Nice, pp 2290-2295

. Cornella J, Suarez R (2003) On 2D 4-finger frictionless optimal

grasps. 16th IEEE/RSJ International Conference on Intelligent
Robots and Systems, Las Vegas, pp 156162

Pollard NS (1996) Synthesizing grasps from generalized
prototypes. Proc IEEE International Conference on Robotics
and Automation, Minneapolis, pp 901-911

Fernandez C, Vicente MA, Reinoso O, Aracil R (2004) A
decision tree based approach to grasp synthesis. Proc Interna-
tional Conference on Intelligent Manipulation and Grasping,
Genoa, pp 486—491

Hwang CS, Takano M, Sasaki K (1999) Kinematics of grasping
and manipulation of a B-spline surface object by a multi-
fingered robot hand. J Robot Syst 16(8):445-460

Hunt KH, Samuel AE, McAree PR (1991) Special configura-
tions of multi-finger multi-freedom grippers: a kinematic study.
Int J Robot Res 10(2):123-134

Jimenez P, Thomas F, Torras C (2001) 3D collision detection:
a survey. Comput Graph 25(2):269-285

Lin M (1993). Efficient collision detection for animation and
robotics. Dissertation, University of California

Gottschalk S, Lin M , Manocha D (1996) A hierarchical
structure for rapid interference detection. Proc of ACM
Siggraph’96, pp 171-180



553
25. Hudson T, Lin M, Cohen J, Gottschalk S, Manocha D (1997)  27. Nguyen VD (1986) The synthesis of stable force-closure

V-collide: accelerated collision detection for VRML. Proc. of grasps. Technical report AI-TR-905, MIT Artificial Intelligence
VRML Conference, pp 119-125 Laboratory

26. Klosowski J (1998) Efficient collision detection forinteractive  28. Ponce J, Faverjon B (1995) On computing three finger force-
3D graphics and virtual environments. Dissertation, University closure grasp of polygonal objects. IEEE Trans Robot Automat

of New York 11(6):868-881



	Part grasping for automated disassembly
	Abstract
	Introduction
	Problem statement and proposed approach
	Generation of candidate contact points
	Evaluation of candidates
	Local attributes selected
	Machine learning algorithm used

	Computation of reachable grasps
	Evaluation of grasps and selection of the optimum set of contact points
	Global attributes selected
	Machine learning algorithms used

	Selection of the best arm and hand configuration
	Experimental results
	First experiment: standalone parts
	Second experiment: part grasping in a disassembly sequence

	Experimental setup
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


