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Abstract— This paper shows the application of a systematic
approach for constraint-based task specification for sensor-
based robot systems [1] to a laser tracing example. This
approach integrates both task specification and estimation of
geometric uncertainty in a unified framework. The framework
consists of an application independent control and estimation
scheme. An automatic derivation of controller and estimator
equations is achieved, based on a geometric task model that is
obtained using a systematic task modeling procedure. The paper
details the systematic modeling procedure for the laser tracing
task and elaborates on the task specific choice of two types of
task coordinates: feature coordinates, defined with respect to
object and feature frames, which facilitate the task specification,
and uncertainty coordinates to model geometric uncertainty.
Furthermore, the control and estimation scheme for this specific
task is studied. Simulation and real world experimental results
are presented for the laser tracing example.

I. INTRODUCTION

Robotic tasks of limited complexity, such as simple po-
sitioning tasks, trajectory following or pick-and-place appli-
cations in well structured environments, are straightforward
to program. For these kinds of tasks extensive program-
ming support is available, as the specification primitives for
these tasks are present in current commercial robot control
software. While these robot capabilities already fulfill some
industrial needs, research focuses on specification and exe-
cution of much more complex tasks. The goal of our recent
research is to open up new robot applications in industrial
as well as domestic and service environments. Examples of
complex tasks include sensor-based navigation and 3D ma-
nipulation in partially or completely unknown environments,
using redundant robotic systems such as mobile manipulator
arms, cooperating robots, robotic hands or humanoid robots,
and using multiple sensors such as vision, force, torque,
tactile and distance sensors. Little programming support is
available for these kinds of tasks. As a result, the task
programmer has to rely on extensive knowledge in multiple
fields such as spatial kinematics, 3D modeling of objects,
geometric uncertainty and sensor systems, dynamics and
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Fig. 1. The object and feature frames for simultaneous laser tracing on a
plane and a barrel.

control, estimation, as well as resolution of redundancy and
of conflicting constraints.

The goal of our recent research is to fill this gap. We
want to develop programming support for the implementation
of complex, sensor-based robotic tasks in the presence of
geometric uncertainty. The foundation for this programming
support is a generic and systematic approach [1] to specify
and control a task while dealing properly with geometric
uncertainty.

Previous work on specification of sensor-based robot
tasks, such as force controlled manipulation [2]-[5] or force
controlled compliant motion combined with visual servoing
[6], was based on the concept of the compliance frame [7]
or task frame [8]. In this frame, different control modes,
such as trajectory following, force control, visual servoing
or distance control, are assigned to each of the translational
directions along the frame axes and to each of the rotational
directions about the frame axes. The task frame concept has
proved to be very useful for the specification of a variety
of practical robot tasks. However, the drawback of the task
frame approach is that it only applies to task geometries
with limited complexity, that is, task geometries for which
separate control modes can be assigned independently to
three pure translational and three pure rotational directions
along the axes of a single frame.

A more systematic approach is to assign control modes
and corresponding constraints to arbitrary directions in the
six dimensional manipulation space. This approach, known
as constraint-based programming, opens up new applications
involving a much more complex geometry and/or involving
multiple sensors that control different directions in space
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Fig. 2. General control and estimation scheme including plant P, controller
C, and model update and estimation block M-+E.

simultaneously.

Seminal theoretical work on constraint-based program-
ming of robot tasks was done by Ambler and Popplestone
[9] and by Samson and coworkers [10]. Our own preliminary
work on a task specification framework was presented in
[11], while the mature framework, of which this paper shows
an application, is thoroughly discussed in [1].

II. APPLICATION

This paper shows the application of a systematic task
specification framework [1] to a geometrically complex
task involving an underconstrained specification as well as
estimation of uncertain geometric parameters. The goal is
to trace simultaneously a path on a plane as well as on
a cylindrical barrel with known radius R using two lasers
which are rigidly attached to the robot end effector as shown
in Figure 1. The tracing of a figure on an object only
requires 2 degrees of freedom (dof), since only the position
of the intersection of the beam with the object surface has
to be specified (for instance the x and y position of the
laser dot on the plane). Since the robot has 6 dof and
only 4 dof are required for tracing the two figures, the
task is underconstrained. The lasers attached to the robot
end-effector are actually laser distance sensors. These lasers
measure the distance from the robot end-effector to the
object surfaces. The position and orientation of the plane
are unknown. While the barrel is known to be in vertical
position, the exact position of the barrel is unknown. The
positions of the plane and the barrel cannot be estimated
from a single distance measurement, as a single measurement
does not provide enough information about these positions.
However, a consecutive set of measurements does contain all
necessary information. This paper shows how the positions
of the plane and the barrel are recursively estimated from
the set of distance measurements.

III. CONTROL AND ESTIMATION SCHEME

Figure 2 shows the general control and estimation scheme
presented in [1] and used throughout this paper. This scheme

includes the Plant P, the Controller C, and the Model Update
and Estimation block M+E. The Plant P represents both the
robot system (where g reprents the internal state) and the
environment.

The control input to the plant is w, in the case of a
velocity-based control scheme, this input corresponds to
the set of desired joint velocities. The system output is y,
which represents the controlled variables. Task specification
consists of imposing constraints to the system output y.
These constraints take the form of desired values y;. The
plant is observed through measurements z. Not all system
outputs are directly measured, and an estimator is needed
to generate estimates 3. These estimates are needed in the
control law C.

In general the plant is disturbed by various disturbance
inputs. Here we focus on geometric disturbances, represented
by coordinates . These coordinates represent modeling
errors, uncontrolled degrees of freedom in the robot system
or geometric disturbances in the robot environment. As
with the system outputs, not all these disturbances can be
measured directly, but they can be estimated by including a
disturbance observer in the estimator block M + E.

IV. TASK MODELING

This section presents the application of a systematic task
modeling procedure to the laser tracing task. Additional
task coordinates, denoted as feature coordinates Xy, are
introduced to facilitate the modeling of constraints and
measurements by the user. Furthermore, uncertainty coor-
dinates X, are introduced which represent modeling errors,
uncontrolled degrees of freedom in the robot system or
geometric disturbances in the robot environment. These two
types of coordinates are defined in object frames and feature
frames that are chosen by the task programmer in a way that
simplifies the specification of the task at hand. This section
presents the systematic 4-step procedure proposed in [1] for
the assignment of these frames and task coordinates applied
to the laser tracing task.

A. Object and feature frames

A typical robot task accomplishes a relative motion be-
tween objects. A systematic procedure is used to introduce
a set of reference frames in which these relative motions are
easily expressed.

The first frame is the “world” reference frame, denoted
by w. In this application the world frame is placed at the
base frame of the robot. The other frames are object and
feature frames that are relevant for the task. In the framework
an object can be any rigid object in the robot system (for
example a robot end effector or a robot link) or in the robot
environment. In this example four objects are relevant: the
two lasers, the plane and the barrel. A feature is linked to an
object, and indicates a physical entity on that object (such
as a vertex, edge, face, surface), or an abstract geometric
property of a physical entity (such as the symmetry axis of a
hollow cylinder, or the reference frame of a sensor connected
to the object, such as a camera).
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Fig. 3. Object and feature frames and feature coordinates.

The relative motion between two objects is specified by
imposing constraints on the feasible relative motion between
one feature on the first object and a corresponding feature on
the second object. Each such constraint needs four frames:
two object frames (called ol and 02, each attached to one
of the objects), and two feature frames (called f1 and f2,
each attached to one of the corresponding features of the
objects). For an application in 3D space, there are in general
six degrees of freedom between ol and 02. The connection
ol — f1 — f2 — 02 forms a kinematic chain, that is, the
degrees of freedom between ol and 02 are distributed over
three submotions: the relative motion of f1 with respect to
ol (I), the relative motion of f2 with respect to f1 (I), and
the relative motion of 02 with respect to f2 (Il), as shown
in Figure 3.

In this application relevant features are the intersection
points between the first laser and the plane and between the
second laser and the barrel since these points have to trace
a specified path.

Furthermore, two kinematic chains are recognized, one for
the laser-plane combination (a) and a second for the laser-
barrel combination (b).

In the framework four rules are given for choosing the
features and for assigning object and feature frames.

Figure 1 shows the object and feature frames for the laser
tracing example chosen according to these rules. For the
laser-plane feature:

o frame o0l1“ fixed to the plane and with the z-axis
perpendicular to the plane,

o frame 02 fixed to the first laser on the robot end
effector and with its z-axis along the laser beam,

o frame f1¢ has the same orientation as 01¢, but is located
at the intersection of the laser with the plane,

o frame f2“ has the same position as f1¢, but the same
orientation as 02%,

and for the laser-barrel feature:

o frame 01? fixed to the barrel and with its origin on and
the x-axis along the axis of the barrel,

o frame 02° fixed to the second laser on the robot end
effector and with its z-axis along the laser beam,

o frame f1° located at the intersection of the laser with
the barrel, z-axis perpendicular to the barrel surface and
x-axis parallel to the barrel axis,

o frame f2° with the same position as f1° and the same
orientation as 02°.

B. Feature coordinates

Feature coordinates Xy are introduced to facilitate the task
specification by the user. These coordinates represent the
submotions between ol and o02. This subsection shows that
the choice of the object and feature frames simplifies the
mathematical representation of the submotions.

For the laser-plane combination the feature coordinates
expressing the submotions are:

xa® = (2o y )7, (1)
xm® = (% 60w )", )
Xfma _ ( ~a )’ (3)

where 2% and y® are expressed in ol® and represent the
position of the laser dot on the plane, while z* is expressed in
02? and represents the distance of the robot to the plane along
the laser beam. ¢“, 0% 1* represent Euler angles between
f1% and f2% and are expressed in f2°.

For the laser-barrel combination feature coordinates ex-
pressing the submotions are:

xa' = (2 b)), )
xm' = (o0 0 wb)", 5)
xm' = ("), 6)

where z¥ and o are cylindrical coordinates expressed in 01°
representing the position of the laser dot on the barrel, while
2? is expressed in 02° and represents the distance of the robot
to the barrel along the laser beam. ¢°, #°, 1/ represent Euler
angles between f1° and f2° and are expressed in f2°.

All feature coordinates are grouped into a single vector
pes

T
xr=( xg® xm® xmm® xp® X" xpm® ) -
(7

C. Uncertainty coordinates

Uncertainty coordinates %, are introduced to represent
modeling errors, uncontrolled degrees of freedom in the robot
system or geometric disturbances in the robot environment.
In the laser tracing example uncertainty coordinates are
needed to represent the unknown position and orientation
of the plane and the position of the barrel. The unknown
position and orientation of the plane is modeled by:

a a a a T
X =(h* a* p*), (8)
with h® the z-position of a reference point on the plane with
respect to the world, and a® and 3¢ the two Euler angles
which determine the orientation of the plane with respect to
the world'. The unknown position of the barrel is modeled
by:
T

X’ = (a0 w ) )
with % and y® the x- and y-position of the barrel with
respect to the world.

All introduced uncertainty coordinates are grouped into a
single vector Xg,.

ISince the plane is considered infinite, the rotation around the normal of
the plane is irrelevant.



D. Task specification

To specify the desired task, constraints have to be specified
on the set of outputs. Constraints are specified as:

i (t) = yai (t),

where y; (t) represents a system output, and yy; (t) the
imposed constraint?.

To generate the desired path on the plane, constraints have
to be specified on the following outputs, in this case equal
to some of the introduced feature coordinates:

(10)

y1 =z

(1)

while for the path on the barrel constraints have to be
specified on:

and yo =y,

ys = and g4 = o’ (12)

The measurement equations for the lasers measuring the
distance to the plane and the barrel are easily expressed using
the feature coordinates of features a and b:

21 =2% and 2z = 2. (13)

From the above it becomes clear that the task specification
equations (11-13) become very simple due to the introduction
of the task coordinates.

V. CONTROL BLOCK

This section shows how to derive the velocity based
control equation based on the obtained task modeling®. The
first part of this section details the application independent
derivation of the control equation for the case of a velocity
based control scheme as presented in [1]. The second part
applies the approach to the laser tracing example.

The plant is assumed to be an ideal velocity controlled
system, that is, the robot dynamics are neglected. Hence, the
system equation is given by:

q=u=q, (14)

where the control input w corresponds to the desired joint
velocities qg.

On the other hand, the output equation relates the position
based system state to the outputs y:

flaxe) =y, 5)

The system state, consisting of g and x; is nonminimal,
because a dependency relation exists between q and ;.
This dependency relation corresponds to the loop closure
equations which are perturbed by the uncertainty coordinates
Xu, and is expressed as:

l(QaXfaXu) =0. (16)

In the laser tracing example two such independent loop
closures exist, one for the laser-plane and one for the laser-
barrel feature.

2Further on we omit time dependency in the notation.
30ther control schemes are discussed in detail in [12].

For the derivation of velocity based control the output (15)
and the loop closure (16) equations are differentiated with
respect to time to obtain equations at velocity level. The
output equation at velocity level is written as:

Ga+Gxr =19, 17
withQ’I:g—f;andC}:g—f.
On the other hand, velocity loop constraint becomes:
JBa+ Jpxg + Juxw =0, (18)
with .[1 = %’ Jf = ;—l and J, = %. Jq is known

since it represents the robot Jacobian. Furthermore, thanks
to the introduction of the feature coordinates and uncertainty
coordinates the above Jacobians J; and J, can be easily
constructed as shown for this example in the next paragraphs.
Xy is solved from (18), yielding:

X = =57 (B + ) -

Substituting (19) into (17) yields the modified output equa-
tion:

19)

Aq =Y+ Bxu, (20)
where A = G — C}Jﬁqu and B = C}Jf*IJu are

introduced for simplicity of notation.

Constraint equation (10) is also expressed at velocity level.
As a result, the constraint equation has to include feedback
at position level to compensate for drift, modeling errors and
disturbances:

9=+ K, (ya —y) = 4. e
with K, a matrix of feedback constants (in this case a simple
diagonal matrix) and y3 the modified constraint at velocity
level. Since the outputs y cannot be measured directly, they
are replaced in (21) by their estimates y provided by the
estimator (as explained in Section VI).

Applying constraint (21) to (20), while also substituting
system equation (14) and replacing X, by its estimate X,
results in: Agq = Y3 + Bxu. Solving for the control input
qq yields:

ai =AYy (45 + Ba) (22)
where ﬁ, denotes the weighted pseudoinverse [13], [14] with
weighting matrix W. Furthermore, since the plane and the
barrel are not moving x,, = 0 in this example. Therefore the
control input reduces to:

= Ay (23)

Obtaining the constraint matrices G, and G;: In the
laser tracing example the matrices (; and (5 are easily found
by inspection. Since no constraints exist directly on the joint
level, G = 0. Since each constraint is directly expressed
on one feature coordinate, Cf becomes a simple selection
matrix which selects the appropriate components of Xy (7):

10 00
q(ga Oies 00 o) 24)
00 01



Obtaining the feature Jacobian Jp: The feature Ja-
cobian is composed using the Jacobians of the submo-
tions. For mstance for the laser- plane combination:, , ,J;* =
( WfJfI ‘ Tef fH ‘ Wfme , where the screw trans-
formation matrix S, transforms the Jacobians of the sub-
motions x = I, I, III to a common reference frame ref.
A similar expression for ,.ef.]fb holds for the laser-barrel
combination. The above two feature Jacobians are finally
grouped into one Jacobian:

Os %6
)
ref*“f

ref Jf = (TEfJfa
Os %6

The Jacobians of the submotions are easily found by
inspection using the notion of twists. A twist is a six-
vector containing a translational and a rotation velocity:
t = (vx Vy Uy Wg Wy Wy ) A twist represents
an instantaneous motion of one frame relative to another;
these frames are indicated by a right super- and subscript
respectively. The twist has a given reference frame indicated
with left subscript. For the laser-plane combination:

(25)

1a o\
olatola olaJ}'IXﬂ 8 8 Xf1a7
00
f2a a . 000N, .
f1atiia =pradimXem® = | o 2 X, (26)
8
f2a a . (1) : a
02at02a = _02anmem 8 XfoT s
0

where Ej3 is a 3 x 3 matrix used to convert Euler angle rates
to angular velocities. For the laser-barrel combination:

10
00
1o be b )
o1btors o Xgr” = §g XfI >
00
b o b 000 b
flbtflb =rpdpXpm’ = 000 X 27)
]
f2b b Vo o
oavtosy = 7;2beme117 0 X
0

Obtaining the uncertainty Jacobian J,: Similarly, the
Jacobian J, can be constructed using the subjacobians for
the uncertainties: . ,J, = ( Si4Jg | Sty ). For the

laser-plane combination the Jacoblan is derived using:

0
— ( (1) Gx2 )ma’
Gx1 Ezx2

where E3x2 is a 3 X 2 matrix used to convert Euler angle
rates &* and 3¢ to angular velocities. Similarly for the laser-
barrel combination:
)
)

(28)

1
S = phygt = <§ (29)
0

ooo—O

VI. MODEL UPDATE AND ESTIMATION BLOCK

The goal of model update and estimation is threefold: (i)
to provide an estimate for the system outputs y to be used
in the feedback terms of constraint equations (21), (ii) to
provide an estimate for the uncertainty coordinates 7, and
their derivatives, to be used in the control input (22), and
(iii) to maintain the consistency between the joint and feature
coordinates g and xy based on the loop constraints. Model
update and estimation makes use of a prediction correction
procedure [1] and is based on an extended system model and
on measurement equations. The extended system model for
this example is given by*:

d /a 1,1 .
i (E)=0(2)+(-9,4)
This model consists of three parts: the first line corresponds
to the system model (14), the second line corresponds to the
velocity loop constraint (19), and the last line corresponds
to the model used for the uncertainty coordinates. Since in
this case the uncertainty coordinates which are estimated are
constant (plane position and orientation and barrel position)
the model for the uncertainty coordinates is very simple:
Xu = C% or %Xu = 0. In the case of the laser tracing
example each laser distance measurement fits to one feature
coordinate. Therefore the measurement equations are given
by a selection matrix:
V)
1 )X

(5)=(o

Given the system model (30) and the measurement model
(31) different estimation techniques can be used to obtain
optimal estimates of the geometric uncertainties. In this paper
extended Kalman filtering is used.

(30)

€2y

02><5

VII. RESULTS

A simulation experiment is carried out in which a desired
path is traced on a plane and on a barrel with radius 0.4m.
The desired path on the plane is a circle with radius 0.4m.
The desired path on the barrel’s surface is a circle with
radius 0.1m. The angular frequency with which the circles
are traced is 45%51 for both the plane and the barrel. Results
of this simulation are shown in Figure 4 (plane) and Figure 5
(barrel). The initial estimate of the plane differs from the real
one by 0.4m for the z-position of the reference point of the
plane, 20° for Euler angle a® and 30° for Euler angle a’.
The initial estimate of the barrel differs from the real one
by 0.4m in the z-direction and 0.1m in the y- direction.
An extended Kalman filter is used for the estimation in
which extra process uncertainty is applied (by multiplying
the covariance with a fading factor 1.1 for the plane and
1.12 for the barrel, as explained in [15]). As soon as the
locations of the plane and the barrel are estimated correctly,
after approximately one circle (9s), the circles traced by the
laser beams equal the desired ones. Remark that due to the

4In general the extended system model is more involved as is explained
in [1].
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Fig. 5. Laser tracing on barrel: estimation of z- and y-position of the barrel (xz and yﬁ) (simulation).

inability of the extended Kalman filter to obtain informative
covariance boundaries in the case of non linear models, the
covariance of the estimates are underestimated from the first
time step.

Furthermore a real world experiment is carried out in
which the position of a barrel with radius 0.285m is es-
timated. To estimate this barrel the laser is moved back
and forth along the y-axis of the world at a fixed height
as shown in Figure 6a. Figure 6 also shows experimental
results for the estimation of the barrel position with a Baumer
laser distance sensor (OADM 2016480/S14F) mounted on a
Kuka361 industrial robot. The initial estimation errors for
the barrel are approximately 0.4m in the x-direction and

0.15m in the y- direction. The same filtering procedure as
explained above is used for the experiment. The figure shows
the position of the laser spot on the barrel surface as a
function of time, the distance to the surface measured by the
laser, and the estimation results. The position of the barrel is
estimated with the desired accuracy after approximately 7s.

VIII. CONCLUSION

This paper shows details of the application of a systematic
approach [1] for constraint-based task specification and con-
trol in the presence of geometric uncertainty to a laser tracing
example. The task specification is greatly simplified by
introducing auxiliary feature coordinates, while uncertainty
is modeled using uncertainty coordinates. The uncertainty
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Fig. 6. Laser tracing on barrel: estimation of z- and y- position of the barrel (% and ) (experiment). The sudden increase of the covariance as observed
from 7s to 9s in (c,d) is due to the limited movement on the barrel resulting in little extra measurement information (b).

coordinates are estimated using a state estimator. Simulation
and experimental results for a laser tracing application show
the validity and the potential of the approach. [1] presents a
detailed theoretical analysis of the presented framework. In
this paper other example applications (mobile robot, human-
robot interaction, visual servoing, ...) are presented which
gives an idea of the generality of the approach.

Future work includes the development of programming
support for the systematic task modeling procedure and the
efficient implementation of the automatic derivation of the
equations for the controller and estimator. For example, the
derivation matrices and Jacobians in Section V-VI, will be
fully automated.

[16]
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