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Abstract 

In this paper a knowledge based assembly con­
trol system for automobile manufactur ing is 
presented which has been implemented for the 
B M W manufac tu r ing facilit ies i n M u n i c h . The 
system is fu l ly integrated in the process control 
system. Its main purpose is to support the 
assembly supervisor in taking appropriate 
corrective actions in case of abnormal process 
condit ions. The distinctive feature of the sys­
tem is its capabil i ty to validate actions proposed 
by a rule based troubleshooting component 
through a one to one simulat ion model of the 
real manufac tur ing process. Thus effectiveness 
of actions at the first attempt is ensured and 
predictive process control is supported. The 
approach proposed in this paper can be general­
ized to a domain independent scheme for 
manufac tu r ing process control. 

1 . In t roduct ion 
In this paper a knowledge based assembly control system 
for automobile manufac tu r ing is presented which has 
been implemented for the B M W manufac tur ing facilities 
in M u n i c h . The system is fu l ly integrated in the process 
control system. Its ma in purpose is to support the assem­
bly supervisor in tak ing appropriate corrective actions in 
case of abnormal process condit ions. 

Current process control is restricted to reactive diagnosis 
of abnormal or faul ty conditions that occur a significant 
t ime before they are detected. In order to reach 100% 
rel iabi l i ty , today's more and more automated high 
throughput manufac tu r ing processes require the abil i ty to 
predict the need for corrective actions before a severe 
fault is actually encountered. As a second requirement 
the effectiveness of the corrective actions on the first 
attempt is inevitable [Cahi l l and Demers, 1988]. 

Diagnostic expert systems have a long tradit ion in AI 
start ing f r om shallow model ing rule based systems, such 
as M Y C I N [Hayes-Roth et a l . , 1982]. Due to the lack 
of an explicit domain model they suffer f rom the exper­
tise cutof f at the edge [Ko ton , 1985], low robustness and 
their relative in f lex ib i l i t y . Deep model ing techniques, 
such as qual i tat ive reasoning [Bobrow and Hayes, 1984], 

have been proposed to overcome the drawbacks of shallow 
systems. The applicabil i ty of deep reasoning is l imi ted by 
it complexity and low efficiency [Ko ton , 1985]. A com­
bination of heuristic and causal knowledge has been 
advocated by several authors [F ink, 1985, Torasso and 
Console, 1987]. [Simmons and Davis, 1987] propose a 
very attractive solution. Thei r Generate, Test and Debug 
( G T D ) applies reasoning f rom a causal model in order to 
modify a hypothesis or select another one. Th is 
approach, however, requires an explicit model of the 
cause-effect relationships of process conditions and 
corrective actions, which again l imits its applicabi l i ty in 
the domain of manufactur ing process control. 

Recently, in [Cahi l l and Demers, 1988] a knowledge 
based manufactur ing control system has been presented 
which is directly l inked to the process control system. 
[Meyer, 1987] also proposes a general methodology for 
manufactur ing control systems. Both proposals do neither 
offer a means for solution val idat ion, nor do they allow 
for process state prediction. 

This paper proposes a new architecture for manufactur ­
ing control systems in domains where explicit causal 
knowledge is not available or too expensive to acquire. 
The architecture is based on a combinat ion of heuristic 
associative rules and an explicit factory model. The ma in 
features of our system are 
- Actionable Solutions, i.e. proposal of directly execut­

able corrective actions 
- Effective Solutions, i.e. hypothetic test of corrective 

actions by a simulation model 
- Predictive Fault Hand l ing 
- Process State Prediction based on real process data 
- Integrat ion, i.e. direct data l ink to the process control 

system 
- Real T ime Capabil i ty 

The remaining parts of the paper are organized as f o l ­
lows. Section 2 sketches the problem domain , Section 3 
gives a system overview, Sections 4 and 5 present the 
major system components in more detai l . Solution va l i ­
dation is discussed in Section 6 while Section 7 contains 
some informat ion on the implementat ion of the r u n n i n g 
system. Final ly, in Section 8 conclusions are drawn and 
an outlook is given. 
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2. Problem D o m a i n : Automobi le M a n u f a c t u r i n g 
The automobile manufac tur ing process has as sub-
processes the Raw Assembly, the Coloring and 1 the Final 
Assembly (Figure 1). Part ial ly assembled cars pass the 
Buffering Section on their way f r om the Color ing Section 
to the Final Assembly. The Bu f fe r ing Section can, on an 
abstract level, be described as a network of stations, e.g. 
a local storage, and connectors. 

The purpose of the Bu f fe r ing Section is to compensate 
for irregularit ies of the preceding subprocesses and to 
arrange a new best m ix . Constraints are imposed on the 
car sequence by the product ion p lann ing , the require­
ments of the F ina l Assembly and the requirements f r om 
w i th in the Bu f fe r ing Section itself. 

The car f low through the Bu f fe r i ng Section is normal ly 
controlled by the Process Control System (PCS) which is 
guided by a control database. Th is control scheme 
guarantees an opt imal throughput as long as no faults 
occur. A human expert, the Assembly Supervisor, is 
responsible for the correct func t ion of the Bu f fe r ing Sec­
t ion , part icular ly in case of abnormal condit ions. 

The Assembly Supervisor continuously observes a 
number of process parameters, monitored by the PCS, 
e.g. the f i l l i ng level of a stat ion. He or she determines 
the system status by comparison of actual values and 
admissible ranges of each process parameter and ident i ­
fies the appropriate corrective actions to be taken. C o n ­
trol actions are actually taken by changing the 
corresponding control records in the PCS database. 

The most common faults result f r om abnormal input 
condit ions, e.g. input f low is too slow. Therefore a faul t 
diagnosis in terms of detecting the device that causes the 
faul t does not make sense, because no repair is possible 
f rom w i th in the Bu f fe r ing Section. Fortunately, the t ime 
an abnormal input condit ion needs to cause a fa i lure at 
the output to the f ina l assembly allows to take corrective 
actions and prevent a severe fau l t . The assembly supervi­
sor applies a troubleshooting strategy that in general relies 
on the fact that local abnormalit ies w i th in the Bu f fe r ing 
Section can be detected and compensated for a suff ic ient 
t ime before they propagate to the output to the F ina l 
Assembly. Small local irregularit ies are tolerated in order 
to achieve the overall objective [Cahi l l and Demers, 
1988]. 

T By the word "car" we mean "car body without motor, gear etc." 

The early detection of abnormal conditions and thus the 
predictive control of the Bu f fe r ing Section by a human 
expert is l imi ted by the great number of parameters and 
their rather complex interrelationships. The system 
described in this paper is designed to assist the Assembly 
Supervisor in control l ing the Bu f fe r ing Section. 

3. System Overv iew 
The overall architecture of our system is shown in Figure 
2. The high modular i ty supports various combinations of 
components for di f ferent tasks. 

The Bu f fe r ing Section is structural ly modeled by the 
Factory Model, which serves as both, the basic data 
structure for the entire assembly control system and a 
means for the real t ime simulat ion of the Bu f fe r ing Sec­
t ion at the car f low level. 

The overall control scheme of our assembly control sys­
tem is an observe-reason-act cycle as f requent ly described 
in the Al l i terature. The control graph is shown in Fig­
ure 3. 

Process parameters are directly taken f r om the process 
control system (PCS) via the data l ink and used to ( re- ) 
in i t ia l ize the parameters of the Static Mode l . Subse­
quent ly either a process s imulat ion can be started by 
act ivat ing the dynamic part of the Factory Model or the 
Troubleshooting Component can be invoked. The latter 
consists of three subcomponents, the Status Determina­
tion, the Tactics Selection and the Solution Generation. 
The Troubleshoot ing Component derives a qual i tat ive 
status description f rom the process parameters, selects 
appropriate tactics and f ina l ly proposes a set of corrective 
actions to be taken in the actual process state as 
represented by the actual parameter values of the Static 
Mode l . The proposed actions can directly be executed 
either by a l lowing the Dynamic Model to update the 
parameters of the Static Mode l accordingly or by actually 
updat ing the control records of the PCS. 

The user communicates w i th the system via a con­
venient mouse dr iven graphic user interface. 

4 . T h e Factory Mode l 
The Factory Model consists of the Static Model and the 
Dynamic Model. The former represents the entities of the 
Bu f fe r ing Section and their structural interrelat ionships, 
e.g. cars w i th their characteristics, stations and connec­
tors, as well as the entities of the control system, e.g. 
control records and process parameters. It can be viewed 
as a mater ial izat ion of the conceptual schema under ly ing 
the entire system and thus provides the basic data struc­
ture of every system component. The Static Model holds 
a snapshot image of the real manu fac tu r ing process at a 
given t ime. 

The Dynamic Model models the t ime dependent 
behavior of the Bu f fe r ing Section at the car f low level. It 
describes the movement of cars through the network of 
stations and connectors, and it models the process control 
system. A quant i tat ive s imulat ion of the manufac tu r ing 
process is achieved by continuously updat ing the 
corresponding parameters of the static part of the Factory 
Mode l . The simulat ion is more than one order of magn i ­
tude faster than the real process so that it can be used for 
process state predict ion as wel l as for the val idat ion of 
corrective actions. 
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The Factory Model has a one to one model ing property 
of the manufac tu r ing process as far as the car flow is 
concerned. However, there is no causal model ing of the 
manufac tu r ing process itself. On l y the phenomena are 
described. 

5 . 1 . Status Determinat ion 
The Status Determinat ion component reads the quant i ta­
tive process parameters f r om the static part of the Factory 
Model and converts them into qual i tat ive state descrip­
t ions, e.g. " f i l l i n g level of local storage is l ow" . The 
status determinat ion for a single process parameter is 
done on the basis of conversion tables which reflect the 
expert's heuristics. An overall process status is then 
derived by bo t tom-up aggregation of the single qual i ta­
tive status descriptions. 

The Status Determinat ion component uses the overall 
process status to determine the next mon i to r ing in terval , 
i.e. the t ime interval un t i l the next model parameter 
update by real process data, or t ime the s imulat ion shall 
be r u n . In addit ion it decides whether to cont inue the 
troubleshooting and derive corrective actions or not. 

5.2. Tactics Selection 
The Tactics Selection component works on the qual i ta­

tive status descriptions as determined by the Status Deter­
minat ion component. A tactic relates (a subset of) the 
quali tat ive status parameters to an abstract goal which is 
to be achieved by corrective actions. A goal itself defines 
a location w i th in the Bu f fe r ing Section and a guideline 
how to correct the abnormal conditions observed. Pur­
pose of the tactic selection is to focus the search for 
corrective actions. 

Normal ly , there are conf l ic t ing pairs of tactics. The 
pr ior i ty of a tactic, i.e. the need for correcting a specific 
faul t at a specific location, increases the closer the loca­
t ion of the faul t is to the output of the Bu f fe r ing Section 
(see Section 2). Due to the acyclic structure of the station 
graph representing the Bu f fe r ing Section, a simple pr ior­
i ty order ing of all possible tactics is induced. Th is fact is 
exploited for confl ict resolut ion. Professional t roub-
leshooters have a good command of experiential confl ict 
resolution knowledge in "compi led f o r m " . They know 
which tactics f i t together and which do not. The current 
version of our system makes use of this knowledge. The 
confl ict resolution starts f r om the tactic w i th highest 
pr ior i ty and excludes all conf l ic t ing tactics. Th is process 
is repeated un t i l no conf l ic t ing pair is lef t . 

5.3. Solut ion Generat ion 
The Solution Generat ion component derives a set of 

executable corrective actions f r om the qual i tat ive status 
parameters. It is guided by the selected tactics. The 
Solution Generation component uses the troubleshooting 
knowledge of the Assembly Supervisor to derive 
corresponding corrective actions for each tactic which con­
tr ibute to reaching the goal and which are consistent w i th 
the actual process state, i.e. the quali tat ive process status 
descriptions. 

A pair of tactics does not always define mutua l ly dis­
jo int or nonconf l ic t ing action sets. In the current version 
of our system the confl ict resolution is again done by 
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representing the "compi led" troubleshooting expertise of 
the Assembly Supervisor. 

F ina l ly , the derived corrective actions are ref ined to 
directly executable actions. 

6. Solut ion Va l ida t ion 
The ma in feature of our system is its capabil i ty to test 
the generated solutions w i th the help of the Factory 
Mode l . As the control graph of Figure 3 shows, the pro­
posed corrective actions can be fed in to the s imulat ion. 
The current system version supports user dr iven solution 
val idat ion. Af ter r unn ing the s imulat ion for the desired 
t ime the process status can again be derived. The relative 
qual i ty of any two solutions, i.e. sets of corrective 
actions, can be determined by compar ing the associated 
process status. The decision which solution to prefer is 
left to the user. Th is does, of course, not meet the 
objectives of an assisting system, because an in formed 
search strategy is replaced by an experienced user. The 
general idea is therefore to add a more sophisticated va l i ­
dat ion component to the system which supports the direct 
automatic solution qual i ty assessment. To this end the 
fo l lowing upgrades currently being incorporated into our 
system are required: 
- A d d a faci l i ty to compare the qual i ty of two solutions 
- Generate more than one solution at a t ime 

The overall process status as derived by bot tom up 
aggregation of single status descriptions is a rather coarse 
measure of the solution qual i ty and might also be inade­
quate in other problem domains. The decision which 
solution to prefer does not only depend on how well the 
ma in control l ing objective, i.e. opt imal output 
condit ions, are achieved. M i n o r objectives, e.g. a good 
m ix of cars in the local storage, which do not affect the 
overall process status but do contr ibute to the mid te rm 
funct ional i ty of the Bu f fe r ing Section, should be taken 
into account. The upgraded version w i l l therefore pro­
vide for a more explicit status determinat ion and solution 
qual i ty assessment. 

Cur rent ly the tactics are selected according to a f ixed 
pr ior i ty order (cf. Section 5.2). Th is scheme leads to the 
selection of only one tactic in most cases. But as pointed 
out above possible minor improvements should also be 
considered, thus requir ing a more detailed dynamic deter­
minat ion of the tactics selection pr ior i ty . 

Instead of generating one solution at a t ime, corrective 
actions derived by the Solution Generat ion component 
w i l l be grouped into a number of d i f ferent consistent 
sets. In order to prevent combinatoric explosion, heuris­
tics derived f rom the tactics priorit ies are applied in order 
to def ine which candidate action set should be processed 
next. 



7. Implementat ion 
The assembly control system has been implemented in 
K E E / S I M K I T and is current ly r u n n i n g on a S U N 3/260. 
The fundamenta l design decisions under ly ing the system 
are 
- Create an explicit Factory Mode l 
- U s e the Static Model the common basic data structure 
- Expl ic i t ly represent the expert's strategy 
- Strictly di f ferent iate between declarative and procedural 

parts of knowledge 
- Provide for h igh modular i ty 

The program design follows classic software engineering 
guidelines. A detailed problem analysis inc luding the 
major part of the knowledge acquisit ion has been com­
pleted prior to the system design and implementat ion. 

The Static Model as the basic data structure has been 
designed using a slight modi f icat ion of the Ent i ty Rela­
t ionship Approach [Chen, 1985]. For the design of the 
remain ing components a f rame language and associative 
rules have been used. 

Tabic 1: System Environment 

K E E / S I M K I T has been chosen as the implementat ion 
language of our system. The Static Model has been 
implemented in an object oriented fashion by K E E 
frames. The Dynamic Model has been modeled as a set 
of methods attached to each station object and coded in 
CommonL isp . The experiential knowledge of the troub­
leshooting component has been implemented by separate 
K E E rule sets. Each part of the reasoning component 
has its own manager object explicit ly representing its con­
trol strategy. The system is l inked to the process control 
system via network. The process parameters are 
transmitted by f i le transfer. The user interface makes 
intensive use of KEE 's and S I M K I T ' s graphics and w i n ­
dow system. 

The good performance of the assembly control system 
allows for solution val idat ion and process state prediction 
under real t ime conditions. Details about the system 
environment can be found in Table 1. 

8. Conclusion 
A knowledge based assembly control system based on a 
structural factory model has been presented. The factory 
model serves as the common basic data structure and as a 
means for quant i tat ive real t ime simulat ion of the 
manufac tu r ing process. It thus allows to validate the solu­
tions proposed by the troubleshooting component. The 
ma in system features are predictive fault handl ing, 
directly executable and effective solutions, integration and 
real t ime capabi l i ty. 

The most important preconditions for the applicabi l i ty 
of our approach are 
- Experiential troubleshooting knowledge is predominant 

and available 
- Quant i ta t ive simulat ion is appropriate and managable 

- Impl ic i t structural knowledge suffices for status deter­
minat ion and tactics selection 

- Tactics are not totally interdependent 
- The t ime interval between the detection of an error and 

its effect is long enough to derive and take corrective 
actions 
Our approach is applicable in problem domains where 

explicit causal troubleshooting knowledge is not available 
or the knowledge acquisition for causal model ing is too 
expensive. This is typically true for process troubleshoot­
ing which relies on shallow experiential knowledge 
whereas all available explicit control knowledge has been 
incorporated into the process control system (PCS). 
Structural process descriptions can be extracted f rom the 
computer based design of the manufactur ing process. The 
system can also be used as a means for the of f l ine 
development of process control strategies. The technique 
presented in this paper is therefore particularly well suited 
to computer integrated manufactur ing ( C I M ) environ­
ments 

Dif ferent f rom [Cahi l l and Demers 1988] our system 
does not attempt to explicit ly backtrace a problem to its 
cause condit ion. The knowledge required to localize a 
problem is rather impl ic i t ly included in the status conver­
sion tables and the tactics selection heuristics. Explicit 
reasoning f rom structure would not only fur ther improve 
the Solution Val idat ion component, but would also in 
general increase the f lexibi l i ty and robustness of our sys­
tem Klein and Fin in 1987, Koton, 1985]. To this end 
structural knowledge as represented by the Static Model 
should be exploited in a future version. 

The system is currently undergoing in site tests in order 
to complete its knowledge base and to gain in format ion 
needed for the extension to a fu l ly operational system. 
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