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Abstract

The paper discusses the technical background of the remote laser welding (RLW) technology, its novel opportunities and implica-
tions for planning processes. Our ultimate goal is to develop a complete off-line programming toolbox for RLW which can provide
an automated method for computing close-to-optimal robot programs. We suggest a workflow for the complete planning process,
and propose new models and algorithms for solving the sequencing of welding tasks in conjunction with path planning, as well as
for generating the inverse kinematics of the robot. The paper summarizes results of first computational experiments in an automo-
tive case study using an industrial robot. The proposed method leads to a substantial reduction in the cycle time of the welding op-

eration compared to an earlier approach.
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1. Introduction

One of the most significant current technological
trends in car body making is the spreading application of
remote laser welding (RLW) technology. RLW opera-
tions are performed from a distant point, by means of a
laser beam that is emitted from a scanner mounted on the
arm of an industrial robot. In contrast to traditional re-
sistance spot welding (RSW), this contactless technolo-
gy has to comply with much less accessibility constraints
and can, at the same time, operate at higher speed. How-
ever, the new technology is much more expensive.
Hence, replacing RSW with RLW technology is feasible
only if the cycle time of the products can be considerably
decreased [4][10].

The paper presents this relatively new technology, to-
gether with its novel opportunities and implications for
planning processes. Our ultimate goal is to develop an
off-line programming toolbox for RLW with semi-
automated methods that are appropriate for computing
close-to-optimal robot programs [16]. The methods
should be applicable under industrial conditions.

After discussing the technological background and
reviewing related literature, Section 2 presents our par-

ticular assumptions and problem formulation. The over-
all workflow of planning is discussed in Section 3. Here,
a new method is also suggested for solving the crux of
the problem which is the sequencing of welding tasks in
conjunction with path planning. Further on, we explain
how the result of path planning is transformed by inverse
kinematics into a robot program. Section 4 gives a short
account of our first computational experiments. Accord-
ing to these results the proposed method leads to a sub-
stantial reduction in the cycle time of the welding opera-
tion compared to an earlier approach.

1.1. Technical background

Laser welding can be regarded as a special way of
applying the heat required for melting the materials
meant to be joined—this can be done for a continuous
seam, as well as for a single spot. Using a laser beam to
this end has a number of advantages over more conven-
tional forms of welding like RSW. First, laser welding
eliminates the need of direct tool contact with the work-
piece that implies large obstacle-free tool and robot
sweep volumes for conventional technologies. Laser
welding requires only a narrow straight line of sight free
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of obstruction, allowing welding in tight corners many
conventional tools would not reach. Second, RLW is
performed from a distance, usually with a scanner that
uses mirrors and lenses to set the orientation and focal
length of the beam. These components can act much
faster (i.e., have a larger control bandwidth due to their
small inertia) which can speed up the entire process

(both tracing the welding locations, as well as reposi-

tioning between seams). Also, welding can take place

with all robot joints and scanner elements continuously
moving, resulting in smaller control transients, implying
energy savings and allowing faster operation.

Nevertheless, laser welding does have its specific ap-
plication constraints, resulting from the nature of the
welding beam and the properties of the scanner head:

e Full visibility has to be ensured for the entire length
of the seam. This has to be taken in consideration
for the planning of fixtures, robot motion (avoiding
occluding segments), and layout of potential visibil-
ity obstacles (even parts of the workpiece).

e Due to surface penetration properties, the beam-to-
surface inclination angle has to remain within tech-
nologically prescribed bounds.

e Scanner heads may be very limited in beam deflec-
tion angle and focal length—this has to be observed
when the rest of the robot motion is calculated.

The costs of an RLW cell are one more application
constraint of a different kind. Switching to this new
technology is only justified if expected advantages like
reduction of cycle time or quality improvement balance
out the costs in the given manufacturing context.

1.2. Related works

Laser welding is a complex process typically per-
formed by a welding robot, and often relying on exten-
sive sensory feedback. Many of its underlying planning
and execution control aspects have received attention in
the research community in recent years.

A number of publications (e.g., [17][18]) deal with
the process of exposing the workpiece to the laser beam,
giving insight into constraints of the physical process
(e.g., timing, temperature control, dynamics of laser
scanner tool) which have to be observed for feasible
robot motion control and planning. Closed-loop control
of the welding process plays a significant role, favoring
contactless (primarily optical) means of obtaining feed-
back [1], due to its low implementation cost, high relia-
bility and short time lag. Low-level robot motion control
and higher-level planning have to solve a number of
typical problems related to welding applications, from
efficient exploitation of physical limits [2], optimized
motion transients [5], coordinated motion of robot and
scanner with different control properties [6], all the way
to a proper path plan minimizing “unproductive” move-

ment or efficient sequencing of welding tasks in the
workspace [6]. Algorithms for fask sequencing and ro-
bot path planning are introduced in [15], where task
sequencing is performed by solving a traveling salesman
problem (TSP) over the seam positions in the Cartesian
space. A drawback of the approach is that it ignores de-
tailed geometry, accessibility constraints, and technolog-
ical parameters. A similar problem, the minimization of
processing time in a milling operation, is investigated in
[3]. Here, a generalized TSP approach is proposed,
where the nodes correspond to the candidate tool en-
try/exit points for machining a feature.

The nature of laser welding, especially its high pro-
cessing speed, may also affect long-term decisions re-
garding the positioning of the workpiece (see [11], [12])
or the layout of the welding cell [7]. Much of these have
been subject to intuitive or experience-supported human
planning, but recent trends point towards (semi-) auto-
matic support for these once-per-type or once-per-
facility decisions, too.

2. Problem statement

In this paper we focus on the welding cycle of an as-
sembly cell that includes the workpiece grasped in a
fixed fixture and a single RLW robot. Consequently,
planning and synchronizing the operations of other
equipment that may manipulate the workpiece or moni-
tor the process are out of scope now. We assume that
two layers of the same material are welded at a time in a
single pass, and the gap of layers is maintained by prop-
er dimpling and fixturing. Welding from two directions
is principally possible, but due to the fixture, practically
most welds are done from one side only. Hence, a weld-
ing task is defined as a linear seam together with its
welding direction which is the surface normal at the
middle of the seam. Clamps are placed sufficiently far
from the seams to avoid any visibility issues (see Fig. 1).
Note that both the welding tasks and the clamping are
defined by product design and manufacturing process
planning, and are not subject to change in the phase of
planning the welding process. In general, we assume that
all points of the seams can be accessed within the tech-
nologically feasible inclination angle (usually 15°).
Hence, collision check between the robot and workpiece
in the fixture can be managed by post-processing.

30° 30°

Fig. 1. Visibility of a welding seam
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The definition of welding tasks comes together with
the CAD model of the workpiece. Since the polytope
model is sufficient both for determining welding tasks
and off-line collision detection via simulation, the 3D
geometry is represented in the triangular mesh (STL)
format. As for a typical setup, we take the car door, with
ca. 50 seams, whose welding tasks are performed by a
single RLW robot. In our experiments below we used an
industrial smart laser robot (see Fig. 2).

Fig. 2. Workpiece and robot in a typical RLW setting

Summing up, planning takes as input (1) the CAD
model of the workpiece and its fixture, (2) the specifica-
tion of the welding tasks, and (3) the geometrical and
kinematical model of the robot. The output of the plan-
ning process is the robot program that controls (1) the
joints of the robot (including mirrors in the scanner
head) and the (2) laser beam. The final program should
comply with the visibility and kinematic constraints, and
should also minimize the total cycle time.

3. The planning process
3.1. Workflow of off-line robot programming

The overall robot off-line programming problem has
many facets and its solution requires a wide range of
expertise from combinatorial optimization up to simula-
tion of robot movements. Hence, it is worth decompos-
ing the problem into multiple phases. We suggest the
workflow shown in Fig. 3. Here, the key issue is that
task sequencing and path planning happen in the space
of the workpiece, still without considering the actual
robot. While complete collision check of the robot and
its operating environment (including the workpiece) can
only be performed after having the robot trajectory,
some preliminary check of the possible interaction of the
workpiece and the laser beam or the scanner head can be
done already during this path planning phase. Neverthe-

less, we assume that knowledge of actual part geometry
can postpone this check to off-line simulation. Next, we
discuss the first two planning phases: integrated task
sequencing and path planning, as well as inverse kine-
matic transformation of the robot’s path. For our more
detailed discussion of the first phase, see also [9].

Task sequencing and path planning

Determine access
volumes

Avoid scanner-
workpiece collision

Calculate task sequence
and scanner path

Inverse kinematic transformation

Calculate inverse joint

Place workpiece oib

Refine joint trajectories

Off-line simulation

Synchronize work
cycles

Virtual commissioning

Deliver robot program code Deliver PLC code

Build virtual workcell Collision check

Fig. 3. Workflow of the complete off-line programming process
3.2. Task sequencing and path planning

The problems of welding fask sequencing and rough-
cut path planning are strongly related, and must, there-
fore, be solved together, in an integrated way. Hence, the
problem consists of sequencing the individual welding
tasks, each corresponding to a single welding seam, and
computing a rough-cut robot path, in such a way that the
cycle time of the complete welding operation is mini-
mized. It is assumed that there is a set of n welding
tasks, denoted as {s,,s5,...,s,}, to be performed by a sin-
gle robot in a single operation. Each seam is character-
ized by its access volume, C;, i.e., a truncated cone de-
fined by the maximal incidence angle and the focus
range, and the associated welding time, #. We assume
that the maximum robot speed (speed of the scanner), v,
is independent of the position in the working area.

The problem consists of determining the optimal fask
sequence, (p1,ps, ....p»), where p; = j means that seam s; is
at the ith position in the task sequence, together with the
corresponding scanner path. It is easy to observe that the
optimal scanner path for a given, fixed sequence is a
broken line defined by 2n points, (a;,b;,ab,,...,a,b,),
where ¢; is the position of the scanner when it starts
welding seam s,,;, the so-called entry point, and b, is the
scanner position when it completes welding s,,, the exit
point. Obviously, a; and b; must be inside C,,;. Paths with
b; = a;y; are allowed, moreover, this situation reflects an
efficient solution in which robot motion and welding
overlap completely in that section of the solution. Fur-
thermore, it can be observed that there exists an optimal
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path where d(a;,b) <tyv, and motion in parallel with
welding between each pair a; and b; takes exactly ¢; time.
In the sequel, we will restrict our search to such a kind
of paths. Motion (without welding) between points b;
and a;.; takes d(b,a,.;)/v time.

It is assumed that there are no finite acceleration lim-
its, the robot has an infinite working area, and collision
checking does not have to be performed at the time of
task sequencing, and hence, there are no further con-
straints that bound the choice of a; and b,.

Fig. 4. A solution of the task sequencing problem. The robot moves the
laser scanner along the path above the workpiece, and welds the seams
from their access volumes, indicated by the truncated cones.

3.2.1. Solution approach

The problem in scope can be considered the direct
product of a traveling salesman problem (for optimizing
the task sequence) and a path planning problem in the
3D space (for finding the corresponding scanner path).
For solving this problem, a tabu search algorithm has
been developed. The algorithm combines adaptations of
classical local search operators for TSP for modifying
the task sequence, and a path planning heuristics that
computes a close-to-optimal scanner path for each can-
didate task sequence. In each iteration cycle, the next
solution is selected according to the rules of the tabu
search meta-heuristics. The algorithm terminates when it
hits the defined time limit.

3.2.2. Optimizing the task sequence

The initial solution is constructed using an adapted
version of the farthest insertion heuristics [8]. The algo-
rithm inserts the seams one-by-one into the sequence: in
each iteration cycle, it considers the seam that is the far-
thest from the current path, and inserts it into its locally
best position.

During the improvement phase, the tabu search se-
lects the best non-tabu solution from the neighborhood

of the current solution. We applied the so-called 2-opt
(deleting two edges and re-connecting the tour) and or-
opt (relocating a segment of the tour of maximal length &
to another position, in forward or backward orientation)
neighborhoods [8]. Several filtering techniques have
been implemented to eliminate members of these neigh-
borhoods that cannot improve the solution. The evalua-
tion of the neighbor involves computing a new scanner
path for the modified task sequence. When a move is
made, the edges deleted from the tour are added to the
tabu list, and a subsequent move is declared tabu if it
would reinsert such an edge, unless the resulting solution
is better than any previously encountered solution. For a
detailed presentation of the above solution techniques
for TSP, the reader is referred to [8].

3.2.3. Computing the scanner path

The path planner algorithm computes a close-to-
optimal scanner path for each task sequence evaluated
during the tabu search. An incremental algorithm is ap-
plied that departs from the path computed for the origi-
nal solution, and adapts it to the changes performed by
the neighborhood function. The algorithm sweeps along
the broken line for a fixed number of iterations, and ad-
justs a single corner point of the broken line at a time.
The new position of the entry point a; (exit point b;) is
determined in such a way that it is inside the correspond-
ing access volume, sufficiently close to the exit point b;
(entry point a;), and minimizes the distance d(a; b;;)
(resp., d(b;, a;+1)).

3.3. Inverse kinematics

Having once obtained the path of the laser scanner in
Cartesian space of the workpiece, the corresponding
robot motion—i.e., a motion sequence prescribed for the
joint variables—has to be calculated. First, the work-
piece is placed in the workspace of the robot. Now this
placement problem is solved by engineering heuristics,
i.e., by putting the workpiece into the centre of the
workspace of the robot, ensuring thus that the workspace
includes the access volumes of all tasks. The general
inverse kinematics problem would involve a 6-DOF ma-
nipulator with a 6-dimensional, i.e., fully specified task
description. However, in the RLW case we have, in fact,
seven kinematic DOF: four “conventional” revolute
joints, two tilting mirrors (counting as revolute joints),
and one prismatic DOF in the form of the focal length of
the welding beam. Considering the dimensions alone,
this would result in an underspecified task, requiring
redundancy resolution.

However, specific features of the RLW problem al-
low a convenient workaround. Our application case
specifies both the scanner position and the location of
the corresponding welding point on the workpiece, the
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latter being considered the tool center point (TCP) of the
robot. This form of task definition does already deter-
mine the focal length of the beam, thereby assigning a
specific value to one DOF of the robot. Now, we have to
handle one more redundant DOF—this is done by setting
the angle of the last tilting mirror to a mid-range value.
The justification for the latter is the extremely narrow
free range of the last joint—it is best to leave it mid-
range to prepare for any additional angle compensation
during execution. Having thus resolved kinematic re-
dundancy, we may now proceed with an inverse kine-
matic solution for each prescribed point of the rough-cut
path.

Solving the inverse kinematic problem implies the
transformation of task space position to adequate joint
values. Closed-form solutions (obtained in symbolic
form with robot-specific parameters substituted during
use) are to be preferred, as far as kinematic properties
allow, due to their accuracy and low computational de-
mand. Obtaining a closed-form solution for a part of our
manipulator relies on template equations (see, e.g., Paul
et al. [14]). This approach exploits the fact that the solu-
tion of the inverse kinematic equations of most industrial
manipulators boils down to solving trigonometric poly-
nomials following simple patterns, also referred to as
template or prototype equations. If their symbolic solu-
tions are known beforehand, finding a closed-form solu-
tion for an entire manipulator will consist in 1) identify-
ing the matching templates, and 2) using them to gener-
ate the inverse solution in a purely symbolic way. We
apply the Linkage Designer package of Mathematica
that supports template-based solution in a semi-
automatic way: possible matches are found automatical-
ly, while their verification requires human intervention
[13]. This is a reasonable compromise, since a closed-
form solution has to be generated only once for a given
manipulator class, and can be used in several applica-
tions after substituting the parameters specific to a given
robot.

The properties of our welding robot do, however, not
allow a closed-form solution for the entire kinematic
chain, due to the last revolute joint (in our case, the laser
mirror) having an offset in an unfavorable direction, as
shown in Fig. 5. Even in this case, much of the inverse
kinematic problem can be analytically solved, narrowing
down the space subject to iterative search to only one
dimension.

In order to obtain a partial closed-form solution, we
first solve the inverse kinematic problem for a fictitious
robot which does not have an offset in the last revolute
joint. For that we take a beam exiting the robot without
offset (marked green in Fig. 5). It is known that the off-
set is always perpendicular to the fictitious beam, there-
fore, the latter must always be this fixed offset away
from the beam actually emitted (marked red in Fig. 5).

Hence, the TCP would always lie somewhere on the rim
of a circle of known radius around the fictitious beam
(circle marked light green in Fig. 5). Tracing this circle
with the zero-offset beam under unchanged orientation
would, at one point, bring the actual beam (and thus, the
actual TCP) into the originally desired position. This can
be conveniently found by one-dimensional search. Two
solution branches exist for our robot (one “left-handed”
and one “right-handed” configuration), implying the
need for two searches; however, preceding solutions
would usually make a sound suggestion for a given con-
figuration branch.

Fig. 5. Closed-form solution for a kinematic chain without offset
(green beam), and one-dimensional iterative search for the real TCP
(red beam).

The solution method is thus summarized as follows:

1. Obtain specification of 1) the scanner points along
its path, together with 2) the related positions of the
welding seams on the workpiece. The required
beam length is, hereby, already fixed; now we can
solve for known scanner position and zero beam
length, and apply actual beam length separately.

2. Solve the inverse kinematic problem for fixed beam
length and mid-range angle of last mirror.

a. Generate closed-form solution for fictitious ro-
bot with zero mirror offset and zero beam
length.

b. Find left-handed or right-handed solution for
actual mirror offset and prescribed beam length
via one-dimensional iterative search.

4. Computational experiments

The proposed task sequencing and path planning al-
gorithm has been evaluated in computational experi-
ments on problems involving the assembly of car doors
using RLW. Four door designs have been considered,
each involving ca. 50 welding seams. All process pa-
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rameters were set to match a realistic industrial setting.
Three algorithms have been compared: the proposed
algorithm, which performs integrated task sequencing
and path planning, denoted as TS—PP; the algorithm of
[15], which solves a TSP over the seam positions and
computes the robot path afterwards (RMV); and a modi-
fied version of RMV that solves the TSP over the mid-
points of the access volumes, instead of the seam posi-
tions (RMV"). The algorithms have been implemented in
C++, and the latter two algorithms used IBM ILOG CP
as a TSP solver. A time limit of 60 seconds was applied.

Table 1. Computational results.

TS-PP RMV RMV*
cycle idle cycle idle cycle idle
Part] 23.65 3.25 51.86 31.46 24.87 4.47
Part2 27.6 6.8 94.66 73.86 30.34 9.54
Part3 30.46 9.66 54.31 33.51 3274 11.94
Part4 29.23 843 14935  128.55 3227 1147
Avg. 27.735  7.035 87.545  66.845  30.055  9.355

The results are summarized in Table 1 which displays
the overall cycle time and the idle time (part of the cycle
time when the laser beam is switched off) in seconds for
each algorithm and each workpiece. The results show
that TS—PP outperformed the other algorithms on all
instances. In particular, it became obvious that a task
sequence computed based solely on the seam positions is
unsuitable for workpieces with complex geometry, since
it leads to the scanner head moving in a zigzag above
seams that have nearby positions but different surface
normals. Consequently, RMV resulted in up to 5 times
higher cycle times and up to 15 times higher idle times
than TS—PP. RMV" performed significantly better than
RMYV, but still achieved 5-10% higher cycle time and
24-40% higher idle time than the proposed TS—PP algo-
rithm. This gain can be regarded as the benefit of inte-
grating task sequencing and path planning. The time of
calculating the inverse path for the sample door with 51
seams was 2.3 seconds. Detailed experimental evalua-
tion of the inverse kinematics is still underway.

5. Conclusions and future work

The paper presented a novel approach for generating
off-line programs for RLW robots with the objective of
minimizing cycle time. The crux of the planning prob-
lem was solved for a conjoint task sequencing and path
planning problem defined over the access volumes of
welding tasks. Further on, the inverse kinematics was
solved by exploiting the features of RLW technology.
Currently, we investigate the subproblems of collision
checking and placement. Later on, extension to body-in-
white will also be considered. This problem involves not

only more complex geometries and collision tests, but
also the cooperation of multiple welding robots.
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