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Abstract - Today image processing using a coaxial camera setup is used to monitor the quality of laser
material processes such as laser welding, cutting, ablation or scribing. For real-time control of highly
dynamic laser processes these systems are far to slow. This article proposes a sensing system for the
next step: Using image based quality features in a real-time algorithm to form an instant feedback signal
with up to 14 kHz in order to maintain the process in the desired state.

The key component of the control system is a camera based on Cellular Neural Networks (CNN). This
Single Instruction Multiple Data technology enables real time image processing by integrating processing
units in every camera pixel. Moreover each of the pixel units is interconnected with its nearest neighbors
which is optimal for most image processing algorithms. This article describes the CNN technology
together with results obtained for CNN-based feedback systems designed for the closed-loop control
laser ablation and laser welding algorithms.

1. Introduction

Error prevention and correction is a key to fast and reliable laser processes from automobile production to
micro mechanics. Closed loop control systems can help to achieve high productivity and constant quality
even under changing process conditions or material properties. Camera based in-process control allows
to employ algorithms for image processing which are widely independent of the exact process
parameters, reducing the adaption effort for different applications compared to simple photo diode
systems. In particular for laser welding and laser cutting, so called monitoring systems are used [1-3].
These systems acquire images during the process and perform a quality assessment by a statistical
analysis of one or more image features.

However, these laser material processes occur very fast and therefore conventional image processing
reaches its limits. Our strategy was to take such known features and perform a faster real time image
processing on a novel camera technique, the so called Cellular Neural Networks (CNN). This article
describes the CNN technology, the setup of closed loop control systems and results obtained for two
applications. The first application is a laser ablation process where star-shaped areas within diamond-like
carbon layers are ablated from a gold layer. Here, a prototype of a closed loop control system was
developed within a cooperation between the Fraunhofer IPM and the Fraunhofer IWS. In the second
process is a closed-loop control system for laser welding processes which was developed in cooperation
with Fraunhofer IPM, the IFSW Institut fir Strahlwerkzeuge at Stuttgart University and the Technical
University of Dresden.

2. Cellular Neural Networks (CNN)

Conventional computing systems with the exception of FPGA are usually “Single Instruction Single Data”
(SISD) architectures [4]. Here a program consists of a series of instructions which are applied
sequentially to single data elements by one or few processor cores. Therefore the execution time lies in
the order of N or N2, where N is the number of pixels. One alternative are “Single Instruction Multiple
Data” (SIMD) computing architectures in which each instruction of a program is applied in parallel to a
large number of data. Such SIMD applications are especially efficient for image processing applications
which frequently apply the same operation on different pixels of the image. On SIMD systems, these
operations can be executed simultaneously in a single step. Cellular neural networks, which were
originally invented by Chua and Yang [5], can be considered as a technology which enables computing
elements and storage cells to be integrated into camera pixels. It provides a possible basis for the
integration of SIMD architectures into the electronic circuitry of the pixels in CMOS cameras. The CNN
universal machine forms the basis [6]. It can be implemented in a small space with the aid of CMOS
processes in an array of optical sensors together with analogue and digital data processing elements
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Fig. 1: CNN enable the integration of processor elements in the electronic circuitry of CMOS cameras.

[7, 8]. Such systems are spatial arrangements of locally connected, non-linear dynamic units that are
usually called cells. In addition to the photo sensor, each of these cells contains storage and computing
elements as well as switching elements for the input/output of results (Fig. 1). In this way, cellular neural
networks link the intensity values of spatially and temporally adjacent pixels and they are especially
efficient for operations exploiting these neighborhoods. Typical examples for neighborhood based
operations are morphological and logical operations as we use for the detection of the full penetration
hole.

2. CNN-Based Closed-Loop Control System

To build a closed loop control system, one needs a pair of a controlled variable, i.e. an image feature,
representing the state of the system and of a feedback parameter which influences the controlled variable
on a suitable time scale. As described above, within a CNN camera, every pixel has its own processor.
This means, that the number of results equals to the number if pixels, i.e. the result is an image.
Therefore, in a closed-loop control system, a decision making element is required which actuates the
feedback signal S. For this reason, the EyeRIS-system developed by Anafocus [9] was used to execute
the algorithms for the detection of the full penetration hole. It consists of a CNN based camera chip called
Q-Eye with 176 x 144 cells and of an additional FPGA based NIOS Il processor by Altera to control the
operation of the whole vision system and to analyze the information output of the Q-Eye, e.g. performing
all the decision making and actuation tasks.
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Fig. 2: Sketch of the closed-loop control systems. The dashed line marks those parts executed within
the CNN camera.
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Fig. 3: Laser ablation process. Coaxial setup of the process observation (a). The orange arrow
marks the path of the excimer laser beam, the green one the optical path of the CNN camera. b):
Enlarged image of the target. Right side: Microscope images of a ,good’ star with homogeneous

surface quality (c), a star with incomplete ablation (d) and with a bad surface quality (e).

3. Closed-loop Control of a Laser Ablation Process

The investigated ablation process is based on an excimer laser with a pulse energy of 320 mJ, a
repetition rate of 150 Hz, and a pulse duration of 25 ns. The aim of the process is to remove star-shaped
areas from a golden disk coated with a diamond-like carbon layer. Figure 3 shows the measurement
setup. In figure 3a) the masked laser beam comes from the left and is directed to the target over a
dicroidic mirror. The CNN camera is mounted coaxially to the laser beam. As shown in figure 3b), the
target is illuminated by three Xenon lamps. The problem of this process is that the number of pulses
needed for a good surface quality of the stars varies due to inhomogeneous material properties. If the
number of pulses is too low, the shape of the stars is incomplete as shown in figure 3d), if it is too high,
the surface quality of the gold layer deteriorates due to the surface morphology.

In the case of the ablation process, the input image is evaluated for the shape and the brightness of the
stars. The feedback signal S(f) is simply a start/stop signal. Figure 4 sketches the CNN algorithm. Image
a) shows the region of interest. The image of the first laser pulse (figure 4b) is used to generate a mask
for the process (figure 4c). After the mask generation, laser pulses are generated until a certain
percentage of the mask area, e.g. 85 %, exceeds a certain threshold or until the shape of the star does
not change anymore. The images d) and e€) show images of intermediate and final results. During the test
processes, the number of pulses necessary for a homogeneous quality varied between 76 and 158
images. As a result the control system the average number of pulses decreases. Therefore, time and
energy consumption of the process are reduced and at the same time the surface quality of the final
product is improved.

Fig. 4: CNN algorithm. a) Region of interest. b) Image obtained after the first pulse.' c) Mask generated
from image b). d) Intermediate result. €) Final result.
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Fig. 5: Left: Cross section of an overlap-joint laser welding process and a picture of the interaction
zone. The full penetration hole is a feature of the thermal image showing that the depth of the keyhole
reaches the bottom of the lower sheet. Right: For the coaxial observation, the CNN camera
(blue box, left) was mounted to the process window of the welding head.

4. Closed-loop Control of Keyhole Laser Welding Processes

Laser-beam welding has evolved into a popular jointing method because it combines a high bonding
quality with a high speed. A laser beam with a high intensity is focused onto the work piece. In so called
deep penetration welding processes, the surface of the work piece is heated up to vapor temperature and
Within the focus of the laser very high temperatures occur that cause the material to melt. During this time
a capillary filled with metal vapor develops forming the so called keyhole (see figure 5, left). When the
keyhole extends to the bottom of the work piece, the capillary opens. In this case, the so called full
penetration hole is observed as a dark spot in the spectral range of about 900 to 1000 nm. Thus, the full
penetration hole is an image feature indicating that the depth of the welding process equals the thickness
of the sheets.
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Fig. 6: Example for a process drift compensated by the closed loop control system: Sample
fix_14_109 was welded with an almost clean protection window (black curve), sample fix_14_112 with
a dirty one (red curve). The laser power is increased automatically from 3100 to 3400 W without
visible change in the weld seams (right side). The focal diameter was 0.2 mm, sheet thickness 1 mm,
gap size 0.1 mm, and feeding rate 9 m/min.
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Fig. 7: Compensation of variations in the feeding rate at the partial penetration state: Top welding seam
(a), heat trace at the bottom sheet (b), longitudinal cross section (c), feeding rate varying between 7 and
6 m/min (d), automatically adapted laser signal (e) and cross sections at the green dashed line at a
feeding rate of 6 m/min (f) and at 7 m/min (g). The focal diameter was 0.6 mm, the material was zinc
coated steel with a thickness of 1 mm, gap size was 0.1 mm.

In the case of the laser welding process, the thermal image is evaluated by the CNN camera for the
contour of the full penetration hole and the feedback signal S(t) is the laser power. In this way, the
welding process is guided at the minimum laser power necessary for full penetration. The high frame rate
of up to 14 kHz of the evaluation of the CNN camera is necessary because the full penetration hole
fluctuates in the kHz range [10]. The result is a welding process where the laser power is adapted
automatically to the current state of the process. Typical process drifts occurring during production such
as polluted protection windows (figure 6), variations of the focal position or of the feeding rate at robot
welding are compensated.

The system works in a large variety of material and laser configurations. It is stable under varying process
conditions such as steps in feeding rates or material thickness. It works with zinc coated steel as well as
with aluminum [11]. As figure 7 shows, it works not only at the full penetration state but also at partial
penetration. In this state, the bottom of the keyhole crosses the gap between the lower and the upper
sheet at an overlap joint. Due to the interrupted heat flux between the two sheet, the upper surface of the
bottom sheet remains colder than the walls of the vapor capillary and an image feature very similar to the
full penetration hole appears [12].

5. Conclusion

This article describes two laser material processes for which quality control or even closed-loop control
based on image processing are difficult or even impossible with conventional camera systems. Therefore,
a novel camera technique based on cellular neural networks (CNN) was introduced. This technology
enables the integration of processing elements into the electronic circuitry of each camera pixel. The
result is a Single Instruction Multiple Data (SIMD) computing architecture on the camera chip which
allows for real time image processing at frame rates of up to 14 kHz.

This technique was applied to two laser material processes. The first one was a masked laser ablation
process. There, the effect of each laser pulse onto the shape and brightness of the inscribed stars was
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controlled by the CNN camera. As a result the control system the average number of pulses decreases.
Therefore, time and energy consumption of the process is reduced and at the same time the surface
quality of the final product is improved.

The second application was a so called deep penetration laser welding process where the full penetration
hole appears at two welding depths: At the state of full penetration and at partial penetration when the
bottom of the capillary crosses the gap between the sheets of an overlap joint. In both cases process
drifts due to a polluted process window or variations in the focal position or in the feeding rate are
compensated because the process is always guided at the minimum required laser power. In particular at
car body manufacturing, the partial penetration prevents the evaporation of zinc at the bottom weld seam
which reduces the corrosion in these areas.
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