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Abstract  -  This  paper  discusses  the  handling  of  de-
formable linear objects (DLOs), such as hoses, wires, or leaf
springs in a polyhedral environment.  It  investigates  the  for-
mulation  of assembly  or disassembly  tasks based on contact
states. The result is an approach that facilitates the automatic
extraction of robot programs from demonstrations in virtual
reality  and  provides  a  base  for  the  parameterization  of
detection algorithms. For this purpose, a contact state  model
for the description of assembly or disassembly tasks of DLOs is
presented.  It  is  described  how  the  contact  states  can  be
derived  from a  geometric  model  of  both  the  DLO  and  the
environment. Such a model may be obtained by a simulation
of  the  manipulation  tasks  in  virtual  reality.  Further,  the
possible  transitions between  the  contact  states  are classified
into general transition classes. Those transition classes enable
the  selection  of  algorithms  to  detect  such  contact  state
transitions. 

Index Terms - Keywords: Contact states, deformable linear
objects, manipulation, assembly

I.  INTRODUCTION

In industrial assembly tasks, rigid as well as non-rigid
objects must be handled. However, industrial robot systems
work  only  with  rigid  objects.  Ropes,  wires,  hoses,  steel
springs or other deformable linear objects (DLOs) are usu-
ally handled by human workers only. For robots, the main
problem in handling DLOs is coping with inherent  uncer-
tainties concerning the exact shape of an individual DLO.
Additionally, the shape of a DLO also changes during the
manipulation  process  due  to  gravity  and  contact  forces.
The obvious approach is the use of sensors to compensate
for these uncertainties.

Often,  research  involving  DLOs,  e.g.  [7],  only
investigates single  tasks like “peg-in-hole” and it remains
unclear how these special solutions can be applied to more
general  cases.  Therefore,  a  systematic  approach  for
manipulation of  DLOs is needed.

The manipulation of  rigid objects has been studied for
years.  Thus,  systematic  approaches  exist  in  this  domain,
such as [2] and [5], where  assembly or disassembly tasks
are  described  based  on  contact  states.  The  transitions
between  contact  states  are  carried  out  by  robust  and
flexible  routines  (skills).  Those  skills  encapsulate  the
programming-intensive sensor data processing and can be
used for  solving  complex  assembly  or disassembly  prob-
lems, like the disassembly of a valve [2]. Further,  the de-
scription of manipulation tasks was employed for planning
such manipulation tasks. 

Since contact states proved to be useful in the domain
of  rigid  objects,  [10]  and  especially  [3]  applied  this
approach to deformable  objects. Both groups concentrated
on DLOs but the representations  differ.  The contact  state

model in [3] regards only single contact points between  a
DLO and convex environment objects, whereas [10] uses a
set of contact patterns and transitions between them for the
purpose of planning manipulation tasks.

In  general,  planning  is a difficult  task for computers,
since  it  is  NP-hard.  Therefore,  other  methods  have  been
considered, such as programming by demonstration. In the
domain of  manipulating deformable objects, [4] realizes a
skill controller based on programming by demonstration in
combination with contact states. The design strategy of this
controller depends on a data profile generated by a human
worker.  The  recorded  sensor  data  profile  is  further
processed to identify the control parameters. The mapping
of the continuous data profile to contact states and discrete
transitions respectively has to be done manually, according
to  [4];  this  reveals  two  disadvantages  of  this  approach.
First,  such a demonstration has to be carried out with the
same sensors that are later used for the manipulation task.
Second,  a  human  is  not  only  necessary  for  the
demonstration but for the identification of control paramet-
ers as well. 

Therefore,  in  [6] the  programming  by demonstration
paradigm  is  performed  in  virtual  reality  and  the  human
worker uses a haptic input device to demonstrate the task.
Fig.  1  shows  the  complete  system  concept,  from  the
demonstration of the task to the sensor based detection of
contact state transitions. The virtual reality covers the task
simulation  and  portions  of  the  contact  state  extraction.
Here,  the  extraction  is  performed  automatically  based on
the limited contact state model presented in [3]. The sensor
based on-line  part  of this  system was investigated  in  [9]
and [1]. 
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Fig. 1  Illustration of the overall process for programming and execution of
sensor-based robot programs taken from [6].
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This papers covers the contact state extraction and pro-
gram generation steps of the system shown in Fig. 1.  We
thereby refine and extend the contact state model from [3]
to  a  polyhedral  environment  of  convex  and  non-convex
objects and to include multiple contacts. Further, we show
how topological  contact  states  can  be  extracted  from the
geometrical model used in virtual reality. This topological
model  is  transferred  to  a  more  abstract  discrete  contact
state  model  that  provides  a  base  for  the  program
generation.

In Section II, the underlying geometrical models of the
environment and the DLO are described as used in virtual
reality.  Section  III introduces the  topological  model   that
we  derive  from  the  geometrical  model.  The  next  step
towards  program  generation  is  the  transformation  of  the
topological model to the contact state model in Section IV.
In  Section  V  the  transitions  between  contact  states  are
investigated. Based on Sections III through V, we describe
a manipulation task as an example in Section VI. Finally,
Section VII provides a summary and gives an overview of
further research.

II.  GEOMETRICAL MODEL AND BASIC ASSUMPTIONS

Because  the  geometrical  model  is  the  most  concrete
and it is used in the virtual reality portion of the complete
system (Fig.  1), we start from this point.  First,  we define
every  deformable  object  with  a  diameter  much  smaller
than its length as “linear”. We assume elastic deformation
and  do  not  consider  plastic  or  extensional  deformation.
Further,  we assume  torsion is negligible,  thus  we  do not
state  it  explicitly.  In  the  ideal  case,  the  diameter  of  the
DLO  is  zero.  Therefore,  we  model  DLOs  as  a  single
curved line. More precisely, the DLO is modelled as a se-
quence of points   P i i=0

n , where each point  Pi is defined by

its position vector pi. The number n of points is assumed to
be  high  enough  for  a  sufficient  precision  (Fig.  2,  left).
Therefore,  n  may depend on the  shape of the  DLO.  The
first point of the sequence is also called the start point (VS)
and the last point  is the  end point (VE) of the DLO. Fur-
ther, we define the DLO vector Di of  a given point Pi (1).

Di=pi1−pi                           (1)

Thus, Di can be used as the  tangent along the DLO for
each point of th DLO. 

Now that  we have  described  the  geometric  model  of
the DLO, we now describe the environment. We assume a
polyhedral  environment  of rigid  objects as  in  [3] but  we
extend  the  environment  from  convex  objects  only  to  in-
clude non-convex objects. Each non-convex object is split
up into the smallest possible number of convex  objects. 
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Fig. 2  Geometrical Models of  DLO (left)  and non-convex environment
objects (right) and its decomposition into two convex objects.

Each  convex  object  is  modelled  as  a  set  of surfaces.
For each surface  Fi the normal vector N(Fi) and one point
P(Fi)  within  the  surface  are  given.  All  normal  vectors
point away from the object´s surface, as shown on the right
in  Fig.  2. Due to the  geometric model  of the  ideal  DLO,
we postulate that  two environment  objects intersect if  the
smallest  distance  between  both objects is less or equal  to
the diameter of the DLO. 

Recapitulating,  the  geometrical  model  contains  all
environmental  objects  and  the  exact  shape  of  the  DLO.
Additionally, all angles and all distances are known in this
model.

III.  TOPOLOGICAL CONTACT MODEL

From  the  geometric  model  we  can  derive  the
topological  model.  This  model  describes  the  topological
contact  situation i.e.  all  contacts  between  the  DLO  and
environmental  objects.  Thus,  in  this  model  the
environment and the DLO are only well defined at contact
zones (Fig. 3).

Fig. 3  Geometrical model of a contact situation (left); and contact zones of
the situation from the left which remain in the topological model (right).

In  order  to  describe  those  contact  zones,  we  first
introduce  some  environment  primitives  EP.  The  first
environment  primitives  are  the  surfaces  of  the
environment  objects,  further  called  faces  Fi.  Further,  the
intersection   of  of  n directly adjacent  faces  Fi,  Fj,  ...  Fn

belonging to the same convex object are denoted as Fi  Fj

 ...  Fn. The intersection Fi  Fj may be abbreviated as

edge  Ei,j   and  the  intersection  Fi   Fj    ..  Fn  may be
abbreviated as Vi, j, ..,n. Since the topological contact model
is  restricted  to  contact  zones  (Fig.  3),  we  introduce  the
empty  object  N representing  empty  space.  For
convenience, we also introduce the object Gz, representing
the gripper of the robot. The annotated vector z represents
the  normal  vector of the  gripper  and  is parallel  to the  z-
axis of the tool center point (TCP). Thus, the environment
primitives are the set EP:={N, Gz,  Fi, Ei,j, Vi, j, ..., n}.

Corresponding  to  the  environment  primitives,  we
introduce  V  and  E   as  DLO  primitives.  The  primitive
vertex  V is used for  VS  and  VE. For all other points along
the DLO, the primitive edge E is used. DLO primitives are
indexed by their DLO vectors.

Now let  us  define  the  different  types  of  contacts  in
order to define a contact situation. A basic contact is a pair
P/Q  where  P  is a DLO primitive  and  Q  is a DLO or an
environment  primitive.  Since  for  assembly  tasks contacts
between  DLOs  and  the  environment  are  the  most
important,  we  will  more  closely  examine  on  contacts
between DLO and environment primitives. 

If one point of the DLO is in contact with more than
one geometric  primitive  except  N,  the  contact  is called a
multiple contact, otherwise it is a single contact. The basic
contacts  of  a  multiple  contact  are  concatenated  by  the



operator  “+”.  The  contact  situation is  now  the  ordered
sequence of all single or multiple contacts from  VS  to  VE
(Fig.  4).  Here,  the  contacts are concatenated  with  logical
AND (^). If m adjacent points of the DLO Pi, Pi+1, .., Pi+m
and (0<i<i+m<n)  share  the  same  multiple  or  simple
contact, then both contacts are contracted to one contact. At
this point, the DLO vectors may differ due to the bending
of the  DLO. Therefore,  the  contracted contact  is indexed
by  the  DLO  vector  of  the  point  Pi+½m.  Any  non-empty
sequence  between  two  contacts  with  N that  does  not
contain  further  contacts  with  N is  denoted  as  a
successional contact (Fig. 4).
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Fig. 4  Geometrical contact situation and resulting topological contact model
(The face  F12 introduced by the decomposition of non-convex

environment objects are not visible) 

In  summary,  the  topological  contact  model  describes
all  contacts in  a topological  manner,  since it  contains  all
contacts and the complete information about the necessary
angles  for  any  contact.  On the  other  hand,  all  distances,
sizes, the exact shape of the DLO and the faces that do not
contact the DLO are dropped from the model. 

IV.  DISCRETE CONTACT STATE MODEL

For the automatic program generation, we need macros
for each transition or class of transitions between  contact
states. The topological model from Section III is not fully
discrete due to the exact DLO vectors and the normals for
each face. But we need a pure discrete contact state model
in order to appoint the contact state transitions automatic-
ally to macros. The key to such a model is the stability of a
contact.  For rigid objects,  a small  motion  away from the
obstacle always leads to a loss of the contact (Fig. 5). Due
to the intrinsic compliance of DLOs, small motions do not
always result in a loss of the contact for a DLO.

A.  Contact Force
 There  is  always  a  resulting  force  if  the  DLO  is

deformed  due  to  the  contact.  Therefore,  we  model  this
intrinsic  compliance  and  postulate  a  contact  force  F C

between the DLO and the environment primitive for every
contact.  This contact force ensures the stability of at least
some contacts due to the deformation of the DLO. Click to edit the title text formatClick to edit the title text format

m
m
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Fc

Fig. 5  A small motion away from  an obstacle leads to a loss of the contact
for a rigid object (left) and with an effective contact force for DLOs

such a motion does  not change the contact state (right).

The optimal direction to ensure the stability of contacts
of this contact  force for any single  or multiple  contact  is
given by the contact vector C of such a contact (2). 

CD /N  := 0
CD /Gz  := z
CD /F i := −N F i

CD /F i∩F j∩..∩F k  := CD /F i..CD /F k 
CD /X 1..D /X n := CD /X 1..CD / X n

∀D∈{V ,E },∀X j∈EP

(2)

The  contact  vector  C of  unit  length  ensures  that  the
contact  force  F C is normal  to the  environment  objects at
the  contact  point.  Thus,  0 is only permitted  for  C V /N 
and C E /N . Let Fi and Fj belong to two different convex

environment  objects and  F i∥F j. In this case, it is obvious

from (2) that  CF iF j is  0. But due to assumption that

the  DLOs  are  ideal  and  the  resulting  assumption  about
distances  (Section  II),  the  DLO can  never  be  in  contact
with  two parallel  faces. Therefore,  C and the direction of
the contact force are always well defined. Please also note,
that  the  contact  vector depends  only on the  environment
objects but not on the DLO.

B.  Stability and Transitions
In  total,  we  can  identify  three  different  classes  of

stability. A contact is considered to be  stable if any small
motion in any direction does not result in a change of the
contact state. The contacts which are not stable can further
subdivided into semi-stable and instable contacts. 
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Fig. 6  Four similar topological contact situations in which a motion m
parallel to the face is initiated from an E/F contact. Due to the angle

between the normals of F1 and F2 a stable (a), transient (b) or sponta-
neous transition (c,d) occurs. Please note the faces F3 and F4 are not

always visible in the geometrical view (Fig 2).



A contact C is semi-stable if and only if C is not stable
and the loss of C is combined with further bending of the
DLO. A contact C is instable if and only if  C is not stable
and the loss of C is possible without further bending of the
DLO. Now that the different classes of stability have been
defined, the effects of the semi- and instable contact states
are to be investigated. We therefore examine the situations
shown in Fig. 6.

The same initial  situation is used in  each of the  four
images in Fig. 6 and the DLO is dragged along the surface
of a face towards an edge. In the first transition sequence
(Fig. 6a), the DLO collides with another face and the result
is  a  stable  contact  (concave  edge).  In  the  next  sequence,
the angle between the faces  F1 and F2 is nearly 180° but
the edge is still concave. In this case, the second multiple
contact state is not stable, since a small motion, e.g. in the
direction m, will cause the multiple contact to be lost. The
result  is another  single  contact  and the  DLO bends more
due to the  reduced distance between  the obstacle and the
gripped  end  of  the  DLO.  Therefore,  the  intermediate
contact  state  is  semi-stable  and  the  transition  is  called  a
transient transition.  In  general,  the  critical  angle between
stable  and  transient  transitions  depends  not  only  on  the
degree  of  the  angle  but  also  on  the  ensuing  friction.
Usually, the critical angle is close to 180°. In the last two
images Fig. 6c and Fig. 6d, the angle between the faces F1
and  F2  is  more  than  180°  (convex  edge).  Here,  the
intermediate  contact  is  instable.  The  resulting  stable
contact state depends not only on the angle between  both
faces but also on the deformation of the DLO, making the
control of such  spontaneous transitions almost impossible.
A more detailed  investigation  of transition  conditions  for
spontaneous transitions can be found in [8]. 

C.  Discrete Contact States
Stable contacts are most significant for the description

of  manipulation  tasks,  since  semi-stable  or  instable
contacts  are  almost  impossible  to maintain.  On the  other
hand,  semi-stable  and  instable  contacts  may  appear  as
intermediate contact states between two stable contacts and
indicate what type of transition (spontaneous or transient)
occurred between the stable contact states, as shown above.
Thus, semi-  as well as instable contacts are still modelled
at  this  abstraction  level.  The  discrete  contacts  states  are
basically the combination of  the two basic DLO primitives
(E, V), the three basic environment primitives (V, E, F) and
the stability classes (S, T, I). Since face contacts are always
stable, the combinations  V/FT,  V/FI,  E/FT and  E/FI  do not
exist.  Therefore,  only  the  vertex  and  edge  contacts  are
annotated with the stability classes e.g. V/VS.

The  remaining  contact  states  can  be  divided  in  two
groups  based  on  the  intersection  of  the  DLO  and  the
environment.  Since  the  intersection  is either  a point  or a
line,  a  point respectively  a  line contact  implies  that  the
intersection between the DLO and the environment objects
at the contact point is a point respectively a line.

(a) (b) (c) (d)

Fig. 7  Different subtypes of E/E-type contacts on convex (a, b) and non-
convex (c, d) edges.
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Fig. 8  All discrete contact states and some typical geometrical and
topological situations for each stable, semi-stable and instable discrete
contact states. The cardinality card is discussed in Section V.B. The

geometric situations are reduced to the minimal set of faces for the sake
of clarity (Fig. 2). Therefore, some topological descriptions contain

more faces than the corresponding geometrical situation.

All  contacts  with  a  vertex  as  DLO  or  environment
primitive like  V/F  or  E/VS  are point  contacts.  The contact
state  E/F is always a line  contact  since the  contact  force
presses  the  DLO  against  the  obstacle,  causing  a
deformation.  Thus,  the  force  flattens  the  DLO  at  the



contact  point  resulting  in  a short line  as intersection.  But
E/E-type contacts can belong to both groups (Fig. 7). Here,
the  intersection  is  either  a  line  if  the  DLO-vector at  the
contact and the vector along the edge are parallel (Fig. 7b
and  7d)  or  a  point  otherwise  (Fig.  7a).  Therefore,  such
E/E-type contacts are also annotated by  L or  P for line or
point contact, e.g. E/ELS. On the other hand, point contacts
on  non-convex  edges  are  rather  unlikely  for  elastic
deformable  objects.  Usually, there  is  always  a  gap (E/N)
like shown  in  Fig.  7d.  Therefore,  only the  stable contact
state on convex edges is further regarded (E/EP ). 

The resulting discrete contact states are listed in Fig. 8.
Generally,  for  most  of  the  discrete  contact  states  there
exists  more  than  one  topological  contact  situation.
Therefore,  for some discrete  contact  states several  typical
topological contact situations are displayed. As a result, the
listed  topological  contact  situations  are  not  complete  but
Fig. 6 a-d show the different basic types. The concave and
convex  borders  of  the  faces  are  the  key  to  mapping
topological contact states to discrete contact states. Convex
edges (or vertices) usually lead to instable configurations,
whereas  concavities  lead  to  stable  or  semi-stable
configurations.

Since  the  difference  between  semi-stable  and  stable
contacts  depends  on the  degree  of the  significant  angles,
there is a stable discrete contact state for each semi-stable
discrete  contact  state  in  Fig.  8.  The  topological  contact
situations are the  same down to the  degree  of the  angles
between the faces and the exact normals themselves. 

V.   CONTACT STATE TRANSITION CLASSES

Sections  II  to  IV  mainly  concerned  static  contact
situations,  but  for  program  generation,  the  contact  state
transitions  that  have  to be detected  are  of interest.  Thus,
we  group  the  transitions  between  discrete  contact  states
into  basic  classes  which  share  some  common  transition
characteristics.  This  is  done  in  such  a  manner  that  the
detection of all  transitions in  one class can be done with
one  algorithm.  Therefore,  the  classification  of  the
transitions enables the selection of a detection algorithm or
skill  for  a  given  transition.  The  algorithms  may  be
parameterized  based  on  the  more  complete  topological
model, if necessary. 

For rigid objects, translatory and rotatory motions are
necessary to describe basic assembly tasks. Therefore,  [2]
introduces  the  basic  skills  “move-to-touch”,  “rotate-to-
level”  and  “rotate-to-insert”.  For  DLOs,  translatory
motions  are  sufficient  to  achieve  all  possible  transitions
between  stable  discrete  contact  states,  we  thus  restrict
further discussion to such motions. 

A.  Transitions Classes of Discrete Contact States  
The first transition class contains all transitions where

the  DLO  collides  with  an  object  in  the  environment,  as
displayed  in  Fig.  8.  Therefore,  this  class  can  be  named
similarly to the “move-to-touch” skill  for rigid objects, as
establishing  (E) and  releasing  (R) contacts.  The  common
characteristic is that the newly created contact takes away
one translatory degree of freedom. 

The  second class  corresponds  to  the  “rotate-to-level”
skill,  even  if  the  transitions  can  be  achieved  with
translatory motions (Fig. 9). For rigid objects, the “rotate-

to-level”  skill  enables  the  change  from  line  to  point
contacts. For DLOs, this class also contains all transitions
from  point  to  line  contacts  and  vice  versa.  This  class  is
called stable state transition class (C), since all transitions
between  two stable  contact  states as long as they  are not
part of the establishing and releasing contact class without
intermediate contacts are transitions from point contacts to
line contacts or vice versa. 

Fig. 9  A typical transition V/N  V/F which belongs to the contact

establishing and releasing class (left) and a typical transition V/F 
E/F of the stable state transition class (right).

The remaining classes (Fig. 6b-d) consist of sequences
of two transitions between stable contact states with semi-
stable  or  instable  contact  states  in  between.  The  first
transition of such a sequence is also called initiated (I) and
the second is either a transient or a spontaneous transition.
Therefore,  we  group  all  such  transitions  occurring  via
semi-stable  transitions  into  the  class  of  transient  contact
state  transitions  (T).  Finally,  the  class  of  spontaneous
transitions  contains  all  transitions  with  an  intermediate
instable contact state (S). 

Table I maps each possible transition between discrete
contact  states  without  passing  intermediate  states  to  the
previously  defined  transition  classes  by  adopting  the
definitions  of  the  transition  classes.  Contact  state
transitions like E /F 1E /F 2 are impossible since they can
not be achieved without passing intermediate  states. Such
impossible contact state transitions are marked with “-”.

TABLE I
TRANSITION CLASSES FOR EACH TRANSITION BETWEEN DISCRETE CONTACT STATES . 

E

E V

F EP ELS ELT ELI VS VT VI F ELS ET EI VS VT VI
N

F - C E I I E,C I I C - - - - - - R

EP C - - - - E I I - - - I - - - R

ELS R - - - - C - - - C - - - - - R

ELT T - - - - - - - - - - - - - - -

ELI S S - - - - - - - - - - - - - S

VS R,C R C C C - - - - - - - - - I R

VT T T T - - - - - - - - - - - - -

VI S S - - S - - - - - - - - - S S

V

F C - - - - - - - - E I I E I I R

ELS C - C - - - - - R - - - E I I R

EI S S - - S - - - S - - - - - S S

ELT - - - - - - - - T - - - - - - -

VS C,R - - - - - - - R C,R - - - - - R

VT - - - - - - - - T T - - - - - -

VI - - - - - - - - S - - S - - - S

N E E E E E E E E E E E E E E E -



B.  Transitions  between  Successional  Discrete  Contact
States

Further,  Table I includes only the transitions between
single  discrete  contact  states,  i.e.  successional  contacts  of
length  one.  In  general,  a  successional  contact  consists  of
more than one discrete contact state (Fig.  10). In order to
determine  the  appropriate  transition  class for  a  transition
between  successional,  we  must  find  the  most  important
contacts, the principal contacts. The principal contacts of a
continuous contact are the contacts with the highest order
card. 

card C := dimDLO C 
2⋅DoF trans C 3⋅DoF blocked C 

  (3)

The  function  card defines  a  partial  order  on  the
discrete contact states and roughly estimates the stability of
a discrete contact state. In particular, dimDLO is zero for the
vertices  of the  DLO and one for the  edge.  This  coarsely
reflects  the  lower  stability  of  DLO-vertex  contacts
compared  to  DLO-edge  contacts.  The  second  addend
DoF trans is the  number  of translatory degrees  of freedom
possible without losing the contact. This means, C is stable
against such motions. Therefore, the weight of  DoF trans is
higher than the weight of dimDLO. The last term DoF blocked,
represents  the  number  of  translatory  degrees  of  freedom
blocked  by  the  contact.  In  combination  with  the  contact
force,  the  number  of  blocked  translatory  degrees  of
freedom imposes the  strongest  stability  constraints.  Thus,
the  weight  of  DoF blocked  is  the  highest.  As  an  example,
cardE /E LS =12⋅13⋅2=9.  The  values  for  all  discrete
contacts states are listed in Fig. 8.

Now, the transition class is usually determined by the
changes  of the  principal  contacts  and  the  transition  class
can be directly derived from Table I. The exception is the
discrete contact state transition E/F to E/VS. This transition
is  ambiguous  (Table  I),  since  it  either  belongs  to  the
transition  class of  stable  state  transitions  (Fig. 10a)  or to
the  establishing  and  releasing  contact  class   (Fig. 10b).
Here, the DLO is either dragged from a face F1

 towards a
corner of a non-convex edge between  F2 and F3 (Fig. 10a)
or  it  is  dragged  along  a  face  of  an  obstacle  A towards
another  obstacle  B,  where  the  DLO  collides  with  the
surface of this obstacle (Fig. 10b). Further,  both obstacles
A and B intersect only in one point.

m

F

FF

1

2 3 V S /G∧E /N∧E /F 1∧E /N∧V E /N

V S /G∧E /N∧E /V S∧E /N∧V E /N
(a)

m

A

B
V S /G∧E /N∧E /F∧E /N∧V E /N

V S /G∧E /N∧E /E LI∧E /V S∧E /E LI

∧E /N∧V S /N
(b)

Fig. 10  Two situations of the discrete contact state transition E/F to E/VS  

In  this  case,  the  contacts  with  lower  cardinality
become  important  for  the  identification  of  the  transition

class since they resolve the ambiguity. In the example, the
transition  sequence  of  Fig. 10a  does  not  contain  any
contacts  with  lower  cardinality.  Whereas,  the  edges  of
obstacle  A (Fig. 10b)  cause  in-stable  E/ELI  contacts.  The
complete successional contact is of course stable, since the
principal contact is stable. 

Recapitulatory,  the  transition  classes  can  directly  be
derived  from  the  sequence  of  discrete  contact  situations.
Since the detection of all transitions in one transition class
can be done by one algorithm, also the detection algorithm
can be automatically derived from the sequence of discrete
contact situations. 

g

4F

5F
F7

F3

6F

F2

Step Topological Contact States Discrete Contact StatesTran-
sition
Class

1 V a/Gz∧E /N∧V /N V /G∧E /N∧V /N -

2 V a/Gz∧E /N∧V b
/F 1 V /G∧E /N∧V /F 1 E

3 V a/Gz∧E /N∧Ec/F 1∧V d
/N V /G∧E /N∧E /F 1 C

4
V a/Gz∧E /N∧Ec/F 1∧Ec/F 1∩F 1
∧V e/N

V /G∧E /N∧E /F 1

∧E /E1,2
p ∧V /N

-

5
V a/Gz∧EN∧E f

/F 1∩E f
/F 1∧V g /N V /G∧E /N∧E /E1,2

p

∧V /N
C

6 V a/Gz∧E N∧V h
/F 2 V /G∧E /N∧V /F 2 C

7 V a/Gz∧E /N∧V i /F 2V i /F 3∩F 10 V /G∧E /N∧V /E2,3
LS E

8
V a/Gz∧E N∧V i /F 2

V i /F 3∩F 10∩F 4
V /G∧E /N
∧V /V 2,3,4

I I

9

V a/Gz∧E N∧Ej /F 2

Ej /F 5∩F 6∩F 12∧Ek
/F 2

Ek
/F 5∩F12∧

V l
/F 2V l

/F 5∩F 12

V /G∧E /N∧
E /V 2,5,6

S ∧

E /E2,5
LS∧V /E2,5

LS S,E

10

V a/Gz∧E N∧E m/F 2

E m/F 5∩F 6∩F 12∧En/F 2

En/F 5∩F 12∧
V o/F 2V o/F 5∩F 12∩F 13
V o/F 7∩F 14∩F15

V /G∧E /N∧E /E2,5
LS

∧E /V 2,5,6
S ∧V /V 2,5,7

S

E

Fig. 11  A “peg-in-hole” task and the resulting topological model as well as
the discrete contact state model and the resulting transition classes. The
left image in the first row shows the start and goal situation. The arrows
indicate the different directions of motion of the gripper. The middle and

right image give a more detailed view of the last steps. Both images
show the top view, removing the upper face of the hole.

VI.  DESCRIPTION OF A MANIPULATION TASK FROM TOPOLOGICAL

MODEL TO PROGRAM GENERATION

 In this section, we apply the presented procedure to a
“Peg-in-Hole” task, as shown in Fig.  11. We assume,  the
task  is  demonstrated  using  the  sequence  of  topological
contact  situations,  as  displayed  in  Fig.  11.  The  numbers
indicate the order of the contact situations.

The environment  is used as much as possible in order
to guide the  DLO to the  goal situation.  This is necessary
because  the  DLO  vectors  are  greatly  affected  by  the
intrinsic  uncertainties  of  DLOs and  are  extracted  from a



difficult  physical  simulation.  They  are  not  suitable  for  a
reliable  manipulation  because  they  must  be  known  quite
precisely. 

Therefore, the first contact was made with the largest
face. The transition is part of the establishing contact class
since the DLO collides with one face. The next transition
is a stable state transition,  because a  V/F contact changes
into  an  E/F  contact  (Table  I).  The  sequence
V/F  E/F  E/EP  E/F  V/F for  example,  is
more reliable than the sequence V/F  V/EI  V/F. This
is because the the first sequence contains only stable state
transitions,  whereas  the  outcome  of  the  spontaneous
transition  following  the  instable  V/EI  contact  depends
much on the DLO vector of the vertex [8]. 

Step 4 of this sequence has no contact transition class.
Since the  E/F  contact is maintained,  the principal  contact
of the continuous contact  E/F ^ E/EP  does not differ from
the principal contact of step 3. Therefore, no contact state
transition class is extracted.

The actual insertion is first guided by a concave edge.
Thus, in step 7 a V/ELS is established. The insertion occurs
based  on  a  spontaneous  transition  in  step  9.  This
spontaneous transition results in a new stable contact with
N as the intermediate  state.  Therefore,  the  algorithms  for
detecting  spontaneous  contacts  and  for  detecting  new
contacts should function (S and E). 

This  spontaneous  transition  is  unavoidable  except  by
using  a  rotatory motion  like  “rotate-to-insert”  that  is  not
regarded here. However, based on the geometric situation,
the DLO will always hit the opposing edge F5 (Fig. 11, top
view)  as  long  as  the  DLO vector  g of  the  vertex  points
away from the hole, as displayed in Fig. 11. Therefore, the
initial  pose  of  the  DLO  at  step  1 must  be  known  well
enough to ensure an appropriate DLO vector of the vertex
just before the DLO insertion, otherwise the insertion task
will fail.

Another way to cope with the often unreliable outcome
of spontaneous transitions and with the uncertainties due to
the  shape  of  DLOs  (DLO  vectors)  is  to  expand  the
sequence of contact state transitions to a network of contact
state  transitions.  This  network  may  include  all  possible
consecutive  contact  situations  and  the  likelihood  of  the
transition.  In this case,  the program executing  the task is
not a simple sequence of macros realizing the detection of
the contact state transitions. Instead, a probabilistic control
mechanism is needed due to the stochastic behaviour of the
contact  state  transitions.  With  such a graph,  the  shape  of
the  DLO  can  be  sensed  step  by  step  based  on  the
established  contacts,  since  each  contact  imposes  some
constraints on the DLO.

VII.  CONCLUSIONS AND FURTHER RESEARCH

We  presented  a  systematic  process  for  automatically
transferring  a  manipulation  task  that  has  been
demonstrated  in  virtual  reality  into a  simple  sequence  of
detection  macros.  We  first  presented  a  model  based  on
topological  contact  states  to  represent  such  manipulation
tasks for DLOs and obstacles in a polyhedral environment.
In order to enable the automatic selection of state transition
detection algorithms, this topological contact state model is
transferred into a more abstract  model  of discrete  contact

states. The selection of detection algorithms is achieved by
the classification of the transitions between contact states.
Finally, we applied this process to a “peg-in-hole” task as
an example of use. The execution portion of the process is
not  covered  by  this  work,  but  is  discussed  in  [1]  and
especially [9]. 

In summation, the approach for manipulation of DLOs
as presented in [3] and [8] was extended and applied to the
contact state extraction and program generation portion of
the systematic process for handling DLOs presented in [6].

Future  work  will  first  concentrate  on  the  execution
aspect of the system, i.e. the detection algorithms. Further,
the  simple  sequences  of contact  state  transitions  must  be
extended to networks of contact state transition in order to
better  cope  with  intrinsic  uncertainties  such  as  shape
changes of the DLOs (Section VI).

Additionally  an  extension  of  this  approach  from
polyhedral  environments  to  include  environments  with
arbitrary  curved  surfaces  is  another  topic.  The  presented
approach is directly applicable to environments with round
edges or slightly  curved surfaces.  Since  a slightly  curved
surface means that  the normal  vector for all points of the
surface is almost constant within the workspace of a robot,
this  situation  scarcely  differs  from  the  polyhedral  case,
with  constant  normal  vectors for each  face.  Round edges
and vertices also differ  little  from the polyhedral  case, so
only  environments  with  highly  curved  objects,  e.g.
hemispheres, require further investigation and an extended
model.
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