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Abstract: This paper presents and evaluates the ancept and implementation d two
distinct multisensor systems for automated manufacturing based on paallel hardware.
The first system uses transputers and the seoond is based on DSP’s. In the most
sophisticated implementation, 12 pocesors have been integrated in a parallé
multi sensor system. Sane spedalized nodes implement an Artificial Neural Network,
used to improve phaogrammnetry-based computer vision, andFuzzy Logic supervision
of the sensor fusion. Trough the implementation d distributed and intelli gent
processng unts, it is $own that parallel architedures can povide significant
advantages compared to conventiond bus-based systems. The paper concludes with the
comparison d the main aspeds of the transputer andthe DSP-based implementations of
sensor guided robds.
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1. INTRODUCTION

For the austomation d complex manufaduring systems, a grea ded of progress
came up in the last decale, with resped to predsion and online documentation (bases
for the quality control), (Starke 1983, Strunz 1993, Fuchs et a, 1993, Kovacersic &
Zhang 1997). With the advent of eledricay driven medianicd manipulators and later
the whae, relatively new, multidisciplinary mechatronic engineeing, the need o
information aqquisition hes increassed. The aquisition is, in many cases, distributed
trough the system, with strong interadion ketween the roba and its environment. The
design oljedive is to attain a flexible, lean production. The requirement of red time
processng of data from multi sensor systems with robustness in industrial environment,
shows the neal for new concepts on system integration.

A Multisensor system represents neither the utili sation d many sensors with the
same physicd nature nor many independent measurement systems, bu mainly sensor
fusion, the extradion d global information coming from the interrelation deta given by
eadt sensor. Some examples are the estimation d the slope of any surfaceusing two or
threeindividual sensors, the simultaneous aqquisition d the parameters of the automatic



welding process MG/MAG (“Metal Inert Gas/ Metal Active Gas’) or the direa
observation d the welding pod related to the control of current, vatage, wire speed and
torch welding sped.

This paper will present and compare the results of the implementation d two
multi sensor system based on farall el architedure. Part of this research was developed in
the technicd-scientific cooperation agreement between European Medatronic Centre
(APSRWTH-Aaden — Germany) and GRACO/UnB, (University of Brasilia) — Brazil
(Alfaro et a 1997). Additional contribution came from doctoral reseach in the Institut
fir Regelungstechnik (IRT - Universitdét Erlangen-NUrnberg/Germany) (Bauchspiess
1995.

This paper points out the dficiency of distributed multisensor systems in
automation d manufaduring processes using robads. The aquired expertise in
indwstrial welding robas and in hydraulic robas both guided by opticd sensors are
evauated and compared. In the first case, Transputers were used and in the second case
DSPs, forming a digital signal processng net for the processng distribution in the
manufadure aitomation. The sensor fusion concept employing Artificial Neural
Networks pattern reagnition and Fuzzy Logic supervision were implemented on
spedalized dstributed processng units.

2. AUTOMATION OF PROCESESWITH DISTRIBUTED PROCESSNG

The data to be processed for process control in the cae of a multisensor system
are, by nature, paralel and decentralised. Those data gpea withou a mnsistent tem-
pora interrelation in many points of the process sometimes smultaneously or displaced
in time. There is no couping among sensors and thase can aayuire new data in an auton-
omous way. Consequently the distributed processng is the most suitable in this case.

This charaderistics leal to the problem of measurement interrelation d individual
sensors for giving significant global information, the so cal ed sensor fusion (Kam et a
1997. Conventional systems based on bus, with the typicd problems between Master
and Slave, have dee restrictions concerning computational performance (Hwang 1993,
Alexander et a 1996. It seams that, in this case, it is appropriate to use paralée
architeaures which, in moduar and stepping form, is adequate to the spedfic problem,
withou the need for relevant changesin hardware.

Asinmany typicd industrial applications, the reason for using parallel processng
was the posshility of processng distribution in a simple and chegp way, allowing aso
future expansionsin anatural way, for upgrading the dharaderistics of this architedures.
The thoiceof processors used were made based oncomputational performance and cost.
Massvely Parallel Computing, as refered in many high-end applications (Krikelis & Lea
1996, was nat taken into consideration here for parallel processng, becaise in process
automation fine granularity is often na given (Hwang 1993.

In the following sedions, two robaic systems will be presented: a welding cdl
guided by sensors and a hydrauli c manipulator for heary load.

2.1 A sensor guided welding cdl

The main tasks in welding automation are the guiding of the roba movements,
allowing the welding torch to be dways inside the welding joint and cortrolling the
welding parameters sich as current, voltage, wire feed rate, hea inpu, etc.



For the aontrol of welding processes, in an integrated intelligent welding cdl,
developed at European Centre of Medhatronic-Aaden, avideo system has been couped
to the torch, for dired observation d the welding pod and a sensor for opticd sean
traking (scanner) put in front of the torch (“look-ahead”). The main goa was the
aqquisition and processng of all the information d the welding processin the same way
that a welder would doit. Figure 1 shows a diagram of the physicd construction d the
sensor system and its main functions.
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Figure 1 - Set up andfunctiond main urits of the multi sensor welding system (APS-Aachen).

The sensors were used in such a way that they alow not only processcontrol but
also automatic and cetailed recording of the quality of the process An exhaustive
quality protocol is bemming arequirement for the manufaduring in the industry, aiming
the total quality control of the production (spedficaion ISO 9000.

2.2 A sensor guided hydraulic manipulator

For many processes, the power required for the manipulator to transport heary
load could orly be suplied trough hydraulic drivers. Typicdly, hydraulic robds have a
weight to load ration d 1:5 and, in the other hand, for eledric driven robas the usual
ratio is abou 1:35 (ABB 1991). Those systems show, from the point of view of control,
big difficulties, due to the extremely nonlinea charaderistics of this type of drivers.
Nevertheless modern control tedhniques such as the highest derivative control and the
exad lineaization, ad together with the avail ability of high computational performance
allowing drifting this drawbadk of hydraulic drivers and read the requirement predsion
(Bauchspiess 1995.



To study different control strategies for hydraulic systems, an hydraulic manipula
tor with two degrees of freedom was constructed at IRT-Erlangen, as shown in Figure 2.
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Figure 2 - Hydraulic Manipulator guided by a CCD camera (IRT-Erlangen).

The open architedure of this s/stem all ows evaluating diff erent control techniques
withou the usua difficulties found in commercia indwstrial robads. Both the joint
control and sensor guided path tradking could be exhaustively studied. Particularly the
path model based predictive servocontrol (FMP - Following Model Predictive), proved
excdlent tradking performance, off setting virtually the tradk error typicd of intrinsicaly
inert mechanicd systems (Bauchspiess1997).

2.3 The cmmponents of the sensor guided welding cdl

The parallel processng system for manufaduring a8 APSAaden (“ParMan -
Parallel Manuacturing System”) is based on a paralel processng architedure. The
techndogy used was a Transputer T805 and the hybrid system TB05YMC601.A PC was
used as host and for the processvisuali zation ower a user friendly interface
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Figure 3 - Parallel multisensor system “ ParMan" , indicating employed transputer nodes.



The onredion d the individual sensorsis dore trough transputer links, providing
pradicdly a 1,6 Mbytes/s transmisson rate. Each sensor alows rates around 150 lgtes
per read and a maximum of 25 reals per seand.

The welding joint sensor

A system of opticd sensoring has been developed in order to allow the gathering
of information abou the geometry of the welding joint, aiming to set right the position
of the welding torch, as well as the control of the welding process This g/stem uses, as
measurement principle, triangulation scanning to olktain the shape of the gap in the
welding joint (Drews & Willms 1996.

Width

Figure 4 - Set up and olained typical image of the welding poad.

It was important to develop the data a@uisition system with a high measurement
confidence (noise regjedion). So, two triangulation procedures for aqquisition d the
distance of the welding plate in ead scanning were used. This gedal construction
alows compensation d imperfedions in data caised by shadows in the surface
topdogy or by the influence of refledion condtions. In comparison with a 3D
measurement system that uses a CCD-camera and a striper laser light projeded by
cylindricd lens (Alfaro et a 1997 or by ahdographic gride, the adual proposed system
shows much higher noise protedion, because dl the laser power is focused in oy one
light spot. Acoording to the quaity of the recaved signal (diffuse refledion, omque
surface ¢c.), light intensity adaptation can be made. The signa condtioning and the
control of the sensor have been implemented by the paralée processng architedure
shown in Figure 3.

A T222 pocesor controls the galvanometric defledion mirror and a T805
procesor is in charge of the signal interpretation, coming in ead CCD array of 1024
elements, to determine the measured dstance A master procesr is in charge of the
paralel processng coordination and evaluation d the distance signal sequence, giving,
at the end, the welding joint geometry. At this point, different modues were developed,
that can be used for different types of welding joints using prior knowledge. Moreover,
the Master deddes which o the two values of distance (or a combination d both) can
be used as distance signal after a plausibility evaluation. With this sensor, measurements
can be obtained at frequencies upto 20Hz.
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Figure5 - Joint welding sensor set up.

To supervise this vision system, a Fuzzy Logic based System was used to
determine if the welding torch was inside the welding joint, Figure 6. If the system does
not do this, the whole analyticd processng is meaningless 27 Rules relating Sope (9),
Bend (B) and Sope time derivate (dSdt) were establi shed to represent the knowledge of
an experienced welder (Drews & Trier 1994).
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Figure 6- Welding inside and ouside the joint. Graphical ill ustration o the Fuzz dedsion process

The welding power source operation

The power source operation involves monitoring signals and generating
commands over the AD/DA interface this sgnals are proteded against welding current
interference by opto-coupers. Processng capability and hgh transmisgon rates were



not necessry. Nevertheless the paralel driving of channels by T222 Transputers
simplified the implementation.

2.4 The mmponents of the hydraulic system

The hydraulic manipulator was built using aluminium profiles, in order to keep the
roba weight as low as possble. The nominal load at the TCP that can be caried at 2m/s
is 30Kg. An hydraulic aggregate furnishes a 150 kar oil presaure to fead the hydraulic
cylinders. A Digital Signal Procesor based system was used to control the hydraulic
system. This processng system was built with two 32 ht floating point DSP32C and
two 16 bt fixed pant DSPL6A. As haosts, two PC 486 were used, which provide the
user interface as ketched in Figure 7.

The sensor system for r obot non-linear control

To implement the nontlinea control of the roba, resolvers were muped to eah
joint axis to measure the respedive joint position. Presaure sensors couped to eah
cylindricad chamber of both hydraulic drivers give accesto the presaure diff erence that
drives eat roba joint. This snsor data were used to fead a nonlinea observer
implemented in a quasi continuows manner, i.e., with very high sampling rate. The
observer reamnstructs the process sate variables, which are necessary to implement the
roba nonlinea control scheme. As a result, we have alinea decmuded dynamic
system in the whole roba workspace So, peth trading (servocontrol) can be designed
independently for ead degreeof freedom of the robat.
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Figure 7 - Distributed DSP-based control system for the hydraulic roba.

In general, sensors suppdy environment and/or task-related information in a
coordinate system that is different than that used to describe the roba kinematics. It was
verified by experiments that, in order to preserve the joint decouding, it is better to
process &nsor measurements in the roba joint coordinate system (Bauchspiess1995.



The optical trajedory sensor

In order to guide the hydraulic manipulator in velocities up to 2 m/s, a CCD-
camera with a very high frame rate was used in an “eyein-hand configuration. In the
used resolution o 128 by 128 pxels, rates up to approximately 1000 frames/sec could
be obtained. This high frame rate virtualy eliminate blurring effeds, that occur when
the CCD expasitiontimeis high relatively to the TCP velocity.

High frame rates demand custom hardware in order to process the video
information in red-time. So, a dedicated Frame-Grabber was designed and implemented
in Erlangen, with fadliti es that enable a16 bit fixed-point DSPL6A to perform the on-
line image parameter extradion, Figure 8. The main feaures are: binarization, masking
(of naisy hits), linewise Runnng Length compresson and duwal-port video memory.
Particularly, the line-wise Running Length enables fast border detedion. Figure 9 shows
the Off-Line programming system used in the aloped Hardware-in-the-loop
development approach (Bauchspiess 1995.
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Figure 8 - Very High-Speal Frame-Grabber with bader extraction faciliti esin Hardware.

First tests on predictive roba guidance used transparent images, i.e., images
withou masking or compresson. In order to enhance the phaogrammetric predsion d
the 128128 image, gray-value based linea interpoation d points aroundthe threshold
was employed. Ten pdnts sached in the vision field on the tracked bader are
transformed in roba joint coordinates and then spline-interpolated. Set points for eat
joint are obtained by evaluating the analyticd spline considering a pre-progranmed
velocity profile.

Figure 9 — Off-Line programning environment for sensor guided robas andtypical processed image
obtained by the high speed Frame-Grabber (IRT-Erlangen).



To measure the adual Tod Center Point (TCP) trgjecory of robaic manipulators,
a robust and highly predse Neura Network based computer vision system has been
developed. It is based onred-time pattern recognition o image sequences obtained by
the ‘eye-in-hand CCD-Camera (Bauchspiess Wagner & Benker, 1997. Because the
pattern is smple and well defined, a very high subpxel predsion can be obtained,
which gives predse and fast measurements despite the use of a low resolution camera.
The first results were obtained using laser printed trgedories, Figure 10. Currently, this
technique is beang implemented for welding sean tracking of an ABB IRB2000robat.
Projeded structured light techniques are being employed.
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Figure 10- Tool Center Point measuring using reticulate pattern recognition. Typical image
sequence Cartesian error of the Back-propagaion Neural Network ealuated trajedory.

3. MULTISENSOR INTEGRATION

Besides the aquisition and parallel processng of information coming from very
different sensors, ancther key point is the integration d the information (Drews &
Willms, 1994. This data fusion concerns the mnsideration d all relevant aspeds of a
manufaduring process

The information flow can be grouped in tree phases. These ae: process
monitoring data, validation o these information and the interrelation o variables to
obtain process parameters and aduating signas. This is down schematicdly in
Figure 11

Typicd process parameters sich as welding pod width, vdtage, current, torch
velocity etc., are cmbined using a process model to oltain a complete description o
the welding state. The multisensor can deliver spedfic processinformation and global
values concerning:

» Motion control based onlocd path trading;
* Processcontrol and monitoring;
* Quality control.
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4. TRANSPUTER X DSP’s

The eperience of implementing distributed processng systems on two dstinct
paralel platforms allows ome interesting conclusions concerning the goplicability of
parall el digital architeduresin the cntext of manufaduring processautomation.

Digital Signal Processors (DSPs) have greder computational speed, mainly due
to a Wallace Tree Hardware implementation d the floating point multiplicaion urit
(AT&T, 1989. The INMOS T805 Transputer implements floating point multi pli cation
using microcode (INMOS, 1992, a technique to reduce ®sts. A grea difficulty using
the spedalized DSP's in automation and control is that they were concaved to imple-
ment efficiently the internal product, the basic operation d digital processng. They do
not have fadliti es in their hardware achitedure or development environment to imple-
ment parall el or concurrent processng, because the provision d resources for event han-
dling could slow down the main processng. The implementation d a red-time Kernel
to manage multi processng was not possble onthe DSP32C from AT&T, due to theim-
posshility of saving cetain CPU status bits (necessary to enable wntext switching).
Only ore interrupt level is implemented. Twenty 24 bit registers, four 32 bit floating
point acaimulators and status and control registers form a register set. Two such banks
are available. To reduce interrupt latency these two register sets are swapped when en-
tering the interrupt routine. There is no suppat to save registers automaticdly on the
stack. Indeed, in most typicd signal processng applicaionsthisis not necessary.



The aoped solution to use DSP number crunching cgpability in the imple-
mentation d the nonlinea process control was to dedicate one DSP32C to the roba
joint control and another DSP32C to trgjedory planing and predictive servocontrol.
Both CPU’s day in waiting loops, waiting for interrupts that signal different events. The
communicaion between the units was caried ou on a dedicaed DT-Conredion 16 lit
parale interface

On the other hand, Transputers have innate paralel processng fadliti es to help
distributed tasks that would control the processin red time (using concurrent C-tool set,
OCCAM etc.). Ancther advantage is the grea moduarity of transputer systems, which
enables easy recnfiguration d the transputer net topdogy. The @ncurrent software
suppat permits a natural integration d individual sensors, making it easy to derive
global processinformation.

Thus, because of the grossgranularity of typicad roba automation cdls, it seems
to be more dfedive to combine these computing architedures, trying to maintain a
ressonable moduarity. Fast algorithm-spedalized DSPs $ioud be used as front-end
procesors, integrated trough parall elism-spedali zed transputer networks. This approach
isalso suggested by (Farber et ali 1991,Frohlich et ali, 1991,Lim et al, 1996.

5. CONCLUSION

By implementation d multisensor systems using distributed modues, it was
shown that parallel processng architedures present considerable alvantages when
compared with standard bus-based systems.

As described in this paper, it was possble to automate the whole metal welding
process in MIG/IMAG techndogy, using paralel processng units. The implemented
distributed parallel processng system used 12 transputers in their most complete
version. The main advantages of the propcsed paralel approach liesin the scaability of
computational processng cgpadty and capability for easy integration o diff erent sensor
types due to a moduar hardware platform. This approach is very interesting for
indwstrial applications becaise agood pice/performancerelation can be adieved.

When high computational speed is nealed, as in the cdculation d nonlinea
control schemes, the signal procesor is superior. An effedive solution is to combine
both architedures, i.e., algorithm-spedalized DSP processors interconneded with pro-
cessmodues (sensors & aduators) using moduar red-time suppating Transputer units.

6. FUTURE PERSPECTIVES

The systems discussed in this work demonstrate how complex processes can
adequately be ontrolled and monitored using distributed intelligence There is,
however, a central instance, in the form of an information manager. The trend would be
to avoid this central unit by the use of processspedfic expert knowledge. This would
avoid bdtleneds that appea in more sophisticated applicaions. A solution could be
conceaved in the form of co-operating autonamous units, which could be implemented
using the mncept of agents (Brooks & Conrell, 1986.
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