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Abstract 
This paper presents a new approach to identify the causes of errors and to define 
appropriate measures to improve processes ·in small batch manufacturing and 
complex assembly. It includes a description on the state ofthe art, the procedure for 
the identification of error causes, the procedure for the defmition of measures to 
improve processes and the implementation of tools/components which support this 
procedure. 
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1 INTRODUCTION 
Increased competition on the global market and quality requirements such as QS 
9000, VDA 6.1 force companies not only to ensure quality capable processes, but 
also to minimize their quality related costs. The modem TQM approach, aimed at 
ensuring the objective of zero defects at minimal costs, stresses the optimisation of 
quality aspects in the product and the production process design in an integrated 
fashion, rather thanplanning the quality aspects of the product and the production 
process in an isolated manner. There are clear user needs for methods as weIl as IT 
solutions which can effectively support advanced TQM concepts based on the inte­
gration of production and quality related activities. 
A reduction of errors or their prevention requires efficient methods and tools to 
identify the causes of (potential) errors as weIl as to defme appropriate measures to 
eliminate these causes. For mass, series production a number of methods such as 
Statistical Process Control (SPC), Dynamic Sampie Control (DSC) etc. are avail­
able and being efficiently applied in industry (Maylor, 1991). However, in smaIl 
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batch flexible manufacturing systems (FMS) and complex assembly these methods 
often can not be directly applied due to the limited amount of quality data and the 
high complexity of assembly processes. Therefore, there is a need to develop/ 
enhance methods and tools for this process in small batch manufacturing and 
complex assembly. 
This paper presents a new approach to solve the complex problems of identifying 
error causes and defming appropriate measures to improve the processes in small 
batch manufacturing and complex assembly. The approach is based on an effective 
combination of knowledge based and statistical methods, together with fuzzy logic 
and self-Iearning systems. The proposed approach is supported by IT-based tools 
which will be applied in the quality control of an FMS and complex assembly. 
The results presented in the paper are part of the ongoing ESPRIT/AlT project 
QUET A (Quality engineering tools for assembly and small batch manufacturing) 
including several large companies, primarily from the automotive and aerospace 
industry (Daimler-Benz, Volkswagen, British Aerospace, Saab, Bosch), as weIl as 
several research partners from different EU countries (QUETA, 1997). 

2 STATE OF THE ART 
The possible approaches for the identification of error causes in small batch manu­
facturing and assembly are (QUETA, 1997, Al-Salti, 1994): 
• Statistical Approaches (Statistical Process Control, Control Charts etc.), 
• System and Model Based Approaches (Simulation, Process Parameter Com­

parison etc.), 
• System and Knowledge Based Approaches (Rule based Systems, Fuzzy 

Control, Fixed assignment error-error cause, FMEA, lshikawa method, Error 
tree approach etc.), 

• Learning Approaches (Neural networks, Single test for defmed error causes 
etc.). 

An evaluation of the considered approaches with required criteria such as appro­
priateness for application on the shop-floor, efforts for creating the evaluation pro­
grams, efforts for data acquisition and processing, assumed reliability of the results, 
robustness etc. shows that each ofthe analysed approaches have certain advantages 
and disadvantages. For example, statistical approaches require no modelling efforts 
and are relatively easy to use, but the problems related to the statistical significance 
of sm all sampie size and the interpretation aspects are critical. On the other hand, 
system and model based approaches have good interpretation possibilities and do 
not need high sampie size, but they require high modelling efforts and are sensitive 
to changes in processes. 
It can be concluded that there is no approach which fulfils all users requirements. 
This is the reason why the identification of error causes in small batch manufactur­
ing and assembly is currently carried out in most companies without a specific 
systematic method and mainly based on the knowledge/experience of individual 
employees. This situation leads to a number of problems such as: the identification 
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process is time and effort consuming, especially in the transition phase; availability 
of a very limited number of experts to carry out the process of identifying error 
causes; no organised transfer of experience from one transition process to another; 
no guarantee that the processes are stable, even when it seems that the 'stable 
phase' has been reached, etc. 
However, an effective combination of different approaches allows to fulfil the 
specified requirements to identify error causes in smaH batch manufacturing and 
assembly and to enable the generation of cost effective activity plans for elimi­
nating these causes. 

3 GENERAL CONCEPT / SOLUTION 
To overcome the stated problems innovative methods to identify the reasons of 
errors, as weH as to generate action plans in order to eliminate these reasons in 
smaH batch manufacturing and assembly have been developed. The basic concept is 
presented in Figure 1. 
• Feedback path: Identification of error causes and update of error knowledge 

(QUPROC), as weH as generation of action plans to eliminate the identified 
error causes (QUPLAN). 

• Feedforward path: Identification of possible error causes (QUPROC) and 
advance elimination (e.g. when some changes in process or product are planned 
etc. -QUPLAN). 
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Figure 1: Basic concept for the identification of error causes and the generation of 
action plans. 

In reference to TQM, the prevention of errors (make it right the frrst time) should 
be the basic objective in order to improve quality. However, to prevent errors, a 
high amount of knowledge about the specific processes and products is necessary. 
Practically, it is not possible to create a model in advance to identify all possible 
(critical) error causes because there are too many influencing factors (e.g. machine, 
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environment, employees). This means that a further feedback path is required to 
create and update knowledge w.r.t. errors and their causes, based on the results of 
quality testing in the current production process. Therefore, the developed methods 
(and tools QUPROCand QUPLAN to support these methods) are active on both 
paths. 
The developed methods are based on the following approaches. The main problem 
related to small batch manufacturing is that sampie size may not be sufficient to 
fulfil the requirements regarding statistical significance. A possible solution is to 
reach acceptable sampie size by producing statistics across the common features of 
the same or different products manufactured with the same process. To achieve 
these different possibilities for the correlation of features, it is necessary to consider 
for e.g. deviation from 'nominal dimensions' (normalised), rather than absolute 
values, in order to enable the calculation of statistics across common features, so­
called features based batch overlapping control charts may be applied etc. (see 
Figure 2). The basic approach for the identification of critical processes in small 
batch manufacturing is to apply a combination of statistical methods, knowledge 
based systems to interpret statistical resuits, to enable the 'building' of statistically 
relevant sampies, modelling approach restricted to simple, relatively rough model­
ling, leaming approach restricted to updates of 'rules'. The main problems in the 
application of such an approach are: identifying features which can be correlated, 
applying a consistent and reliable set of rules for interpreting statistical results etc. 
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Figure 2: Basic rational for the identification of critical processes and of reasons for 
errors in small batch manufacturing. 

Similarly, the basic approach for the identification of quality critical processes in 
small batch assembly is to apply a combination ofknowledge based systems to cap­
ture the expertS experience and know-how (transferred into a set ofrules), which is 
supported by a statistical approach, modelling approach restricted to simple, re la­
tively rough modelling, leaming approach restricted to updates of rules and para­
meters (and structure) of a model. The main problems related to such an approach 
are: 'extrapolation' of rules to errors which have not appeared before, and the reli­
able and efficient capture ofknowledge etc. 
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4 PROCEDURE FOR THE IDENTIFICATION OF ERROR CAUSES 
As above explained, the procedure for the identification of error causes is mainly 
based on a mle based system in combination with grouping techniques, fuzzy logic 
and leaming approaches. The procedure distinguishes between (see Figure 3): 
• Measurement results are available, which is normally the case in production. 
• Error description is given, which is normally the case in assembly, where no or 

very little measurements are done. 
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Figure 3: Procedure for the identification of error causes. 

The measurement results are analysed to identify critical deviations in the process 
or the part. To accomplish this the measured features ofthe part are grouped to get 
a 'bigger' batch. The values of each feature are compared with the tolerances (to 
identify deviations in the part) and with the standard deviation (to identify devia­
tions in the process). If a critical deviation is identified, 'a priori' mIes are used to 
assign it to a predefmed deviationlerror class. The deviations are groupedlclassified 
in such a way that each deviation in a group has similar classes of critical processes 
and error causes. Since it is obviously not possible to defme mIes valid for all pos­
sible cases additional information on the process or parts mainly in the form of sta­
tistical values are used to increase or decrease the probability of the deviationlerror 
class. In the case that an error is identified by a user and the error description is 
available, the errors are classified into the predefmed deviationlerror classes. 
If the deviationlerror class for an occurred deviationlerror is known the critical 
process/error cause has to be identified. Using defmed 'a priori' mIes between the 
deviationlerror class and critical processes/error causes being applied in the manner 
that 'process may cause an error inan error class with a specific probability' allows 
for the identification ofpossible critical processes/error causes. The 'a priori' mIes 
are similar as in the identification of deviation classes (see Figure 4). 
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Since it is obviously not possible to defme rules valid for all possible cases, and 
since using only the error description can not be sufficient to identify error causes, 
additional information on the process or products are used to increase or decrease 
the prob ability ofthe critical processes (see Figure 5). 
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Figure 5: Modification ofprobabilities. 

Additional information are those covering the behaviour of the process or part and 
changes in the process or part. In small batch manufacturing, additional information 
also include the results of statistical analysis. The additional information needed for 
a concrete application is strongly' application dependent. This requires an open 
system which can integrate and use different kinds of information. 
For integration of the additional information into the 'a priori' rules there is, addi­
tionally, a strong need to support vague terms that may appear in the premises (i.e. 
'the assembly area has recently been redesigned', 'the part was for a long time in 
storage' etc.). An efficient way to handle such sentences is to model them via fuzzy 
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sets. Fuzzy sets enable the quantitative modeIling of simple sentences (e.g. 'design 
change is recent') consisting of linguistic variables (e.g. 'design change'), primary 
terms (e.g. 'recent'), and optionallinguistic hedges (e.g. 'very', 'not'). To provide a 
basis for the model, each variable must be assigned a physical quantity (e.g. time 
from the moment when the design is changed) and its range of change. 
The proposed method for the identification of error causes is supported by the tool 
QUPROC. The basic modules of this tool are presented in Figure 6. Note that a 
basic module of the system represents a knowledge based system which includes a 
set of 'a priori' rules, as weIl as a set of rules for handling additional information 
(for changing the probability of different errors). 

• errorl cliUcal processes<::= 
• errorl error causes 

QUPROC <::= • QuaJity and production dala 
• manges 

Support 01 lIle Support 01 Oata analys'l Oata • collectlon 
identlficatlon 01 data Interpretatlon 

critlcal processesl 
error causes • Data Input 

.; -;.=.=- ---- • Inl8rfac:e 10 other 

.. ... .. -........ systems 

::. -- - - =. ... " . . """ .. • Data preparation 

[[IWJ • Em>r coding - _. 
11.1 :. - - -

';1. - - -' 
.:. 

Process and error know1edge 
Ta build up and maintain: IIt of pIOOI'IIH. ••• 

(lIliItion Ind problbl1ity ImwlptoClU, relltion Ind probllbiMy etl1)flerror causa 

Figure 6: Modules ofthe tool QUPROC. 

5 PROCEDURE FOR THE DEFINITION OF MEASURES 
The results of the above explained procedure are either (a) a set of potential error 
causes or (b) defmition ofthe identified error cause(s). 
In the case (a) there is a need to get additional information in order to decide which 
of the potential error causes is actuaIly 'responsible' for the error occurred. This 
may ask for additional measurements to identify the error cause (Le. to increase the 
observability ofthe system). 
In the case (b), when the actual error cause is identified, actions have to be defmed 
as to how this error cause can be removed in order to prevent its repetition. 
In both cases the procedure 'defmition of measures' has to be used. These two 
kinds of measures (additional measurements, actions to improve the process) have 
to be defmed based on knowledge w.r.t. possible measures in each specific case. 
The defmition of measures is similar to the identification of error causes. The rela­
tion between error causes and measures is defmed in 'a priori' rules, Le. these rules 
defme which of the possible actions may be appropriate for removing a specific 
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error cause (or which measurements could be applied to increase the observability 
ofthe system). 
However, in order to cover each specific situation, additional information on pro­
ces ses and products has to be used, Le. the rules for the handling of additional 
information have to be applied in order to change the 'relation' between an error 
cause and possible measures. APl'lying these rules and the available additional 
information, it is possible to defme the 'optimal' measure for an error cause 
('optimal' from the viewpoint of costs, efforts and the prob ability that the measure 
will be successful). 
Similarly as in the method for the identification of error causes, the method for 
defmition ofmeasures is supported with an appropriate tool called QUPLAN which 
also includes a knowledge base consisting of a set of 'a priori' rules and also rules 
for handling additional information. 

6 IMPLEMENTA nON OF THE TOOLS/COMPONENTS 
As mentioned above in order to support these methods, the software tools 
QUPROC and QUPLAN are under development. As previously shown, the tools 
require a large amount of information which is normally available in other legacy 
systems ofthe company. To achieve this, it is necessary that the tools can be easily 
integrated into different hardware and software environments. They also have to 
run under different operating systems and have to have connections to different 
legacy systems. 
The tools are specified and implemented with 00-Technology and integration is 
done using CORBA while taking into account the AlT reference architecture (AlT, 
1996). Initial testing of the prototypes show promise to fulfil user requirements and 
considerably contribute to reducing efforts for the identification of reasons for 
errors, as weIl as increasing the efficient planning of activities to ensure quality in 
the scope of TQM approaches. Although the tools are primarily oriented towards 
the needs ofthe automotive and aerospace industry, it is likely that they will also be 
applicable in other industrial sectors. 
The tools are operating in the feedback loop in order to defme the measures 
required to improve the process based on information about occurred errors (or, 
deviations from nominal values), and in the feedforward path in order to define 
preventive measures needed to be carried out before changes in a product or in 
processes are executed. Within the tool set-up phase, general rules are adapted to 
the specific company. Based on the leaming functionality of the system, the proba­
bilities of the rules are changed based on identified error causes for specific errors. 
The general procedure is practically the same for small batch manufacturing and 
small batch assembly. The main differences are that in assembly the system uses 
only error information, while in manufacturing, the system uses measurement data, 
extracts the errors and uses statistical methods such as control charts for the identi­
fication of error causes. 
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Note that the tools are supposed to work in two modes: automatie and manual. In 
the first ease the tools enable the close of an automatie feedback quality loop, i.e. to 
aehieve automatie eontrol of the system w.r.t. quality. This mode is especially 
needed in FMS, while in the ease of eomplex assembly the manual mode will be 
more appropriate, i.e. the operator has to be involved in final deeisions on the error 
eases as weil as on the measures to be applied in order to remove the reason of 
error (or inerease the observability ofthe system). 

7 CONCLUSION 
The tools will be tested within different industrial demonstrator environments: i.e. 
in an assembly Ihie at SAAB and iri an FMS ofDaimler-Benz (QUETA, 1997). 
The seleeted demonstration area at SAAB is the assembly of tubing into the fuse­
lage of the aircrafts carried out in the final assembly hall. The tubes are manufac­
tured in the tubing workshop. After bending and eutting, the tubing is put into stor­
age until needed for fmal assembly. At final assembly the tubing is brought from 
storage and installed into the fuselage. Clamping points have been provided for in 
sub-assembly of the fuselage that is earriedout in a separate workshop. The tubing 
is interconnected during the installation by swaging operations and eonneeted to the 
equipment by screw couplings. The installation of tubing into the fuselage caused 
considerable problems in the early production of eertain aireraft and the problem 
still shows up intermittently in the stable phase of produetion. By applying the 
QUPROC and QUPLAN tools to this problem, SAAB will be able to evaluate the 
effectiveness ofthe tools by eomparing results with existing experienee. 
In the area of replaeement parts, production means or peak produetion capacity, as 
weil as the initial testing w.r.t. the manufaeturing of parts and the related optitnisa­
tion ofpart design, Daimler-Benz earries out this production in job shops. A variety 
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ofparts are produced in such job shops with a lot size between 20 and 500. The job 
shop which will be used for testing of QUPROC and QUPLAN is the FMS of 
Daimler-Benz in Zuffenhausen. The production programme at this FMS does not 
allow for the use of elassical methods of Statistic Process Control (SPC). 
Therefore, specific quality control mechanisms for small bateh manufacturing are 
required. Up to now there are no statistical methods available to detect trends ete. 
Such features are urgently needed to significantly inerease the economic effieieney 
offlexible manufacturing equipment. QUPROC and QUPLAN tools will be used to 
automatically elose the quality control loop and enable full automatie operation of 
the FMS (whieh is specifically needed for the third - night shift). 
Initial testing of the tools prototypes are very promising and it is likely that the 
proposed knowledge based methods will be effeetively applied in these industrial 
systems. The seleeted development methodology (00) and architecture guarantee 
effective and reliable applieation ofthe tools in the shop-floor eonditions. 
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