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Abstract 
The objective of the present research is to develop a formal modeling method, 
aimed at realising concurrent development and integration of various 
manufacturing system models. An object-oriented model repository of the 
manufacturing system is discussed to establish a systematic and logical criteria for 
classifying the manufacturing system models from various viewpoints. Contents 
and structures of manufacturing system models are discussed from the viewpoint 
of the concurrent and hierarchical production planning problems, and model 
components and their relations to be stored in the model repository are proposed. A 
prototype of a model repository is developed and applied to the production 
planning problems. 
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1 INTRODUCTION 

In design and planning of manufacturing systems, a wide variety of models 
representing the manufacturing systems are required for simulation and verification 
from various viewpoints. These models may be concurrently developed by 
different persons and/or organizations and applied to various application fields, 
therefore, a computerized support system is needed for concurrent development 
and consistency management of the various manufacturing system models. 

The manufacturing system models are usually developed and applied to each 
application field, such as production planning of factories, production scheduling 
of production lines, and control of shop floors. One of the most serious problems in 
the modeling of the manufacturing systems is that these variety of models for the 
individual applications are not interrelated with each other. The problern is called 
islands of information (AMICE, 1992). There have been carried out various 
researches dealing with the methodology aiming at supporting the integration of 
the manufacturing system models (ISO TC184, 1898) (AMICE, 1992) 
(Doumeingts, 1993) (Williams, 1993) (Tanimizu, 1996). 

The objective of the present research is to develop a formal modeling method, 
aimed at realizing concurrent development and integration of various 
manufacturing system models. A model repository of the manufacturing system is 
discussed to establish a systematic and logical criteria for classifying the 
manufacturing system models from various viewpoints. 

Production planning are in general carried out hierarchically from the long term 
plans to the short term plans, and the planning tasks are sometimes carried out by 
different persons and/or organizations concurrently. Therefore, the model 
integration problern is very serious, and an effective computerized support is 
eagerly required. An object-oriented model repository is developed to support 
concurrent development and consistency management of the various 
manufacturing system models for production planning. Contents and structures of 
manufacturing system models are discussed from the viewpoint of concurrent and 
hierarchical production planning problems, and model components and their 
relations to be stored in the model repository are proposed. A prototype of a model 
repository is developed, and applied to the production planning problems. 

2 MODEL REPOSITORY FOR MANUFACTURING SYSTEM 
MODELING 

2.1 Model generation process 

Requirementsfor generation ofvarious models 
One of the most significant utilization of manufacturing system models is 
evaluation of a real and/or virtual manufacturing system. Various types of models 
are generated and utilized, aimed at planning, design, implementation and control 
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of the manufacturing system. The contents of the individual models depend on the 
items to be evaluated by using the manufacturing system models. The individual 
models generated are called application models, in the followings, which are 
suitable for the individual evaluation items. In the different application models, one 
facility in the manufacturing system may be represented by a set of different model 
components. lt is necessary to provide the model builders with a computerized 
method to modify the contents of the model components to keep the consistency 
among the manufacturing system models. 

In the research, a model repository is therefore proposed to generate and to 
utilize the models consistently. The model repository has various model 
components needed for generating the manufacturing system models. The 
relationships among the model components construct a structure in the repository. 
The model builders generate their own application models based on their 
objectives by selecting and combining the model components in the model 
repository as shown in Figure 1. The individual models are generated 
independently and concurrently, however, the generated models can be related with 
each other according to the relationships defined in the model repository. 
Therefore, a model builder is able to examine the consistency of the models with 
the other models generated. 

Hierarchy of model repository 
V arious types of model components should be stored in the model repository in 
order to cope with the generation of various types of manufacturing systems. 
Therefore, multi-levels of model repositories are considered in the research; they 
are, generic model repository, and a set of particular model repositories. 
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Figure 1 Model repository and modeling process of manufacturing systems 

Figure 1 also shows hierarchy of the model repositories. A generic model 
repository of the manufacturing system model is frrstly developed and 
implemented according to the criteria to classify the model components of the 
application independent manufacturing system model. A set of model components 
and their relationships are described and stored in the repository. Particular model 
repositories are secondly developed by specializing the generic model repository 
into a specific model repository which is suitable for the purpose and the 
characteristics of the manufacturing system models to be generated. Application 
models are thirdly generated by the model builders by combining the model 
components in the particular model repositories. 

2.2 Model repository 

Representation of model components and their relationships 
An object oriented modeling technique is applied in the research to represent the 
model components and their relationships in the model repositories. 

The objects representing the model components have the attributes and the 
activities. The attributes specify the characteristics of the components, and are 
described by attribute names and values. All the objects in both the generic 
repository and the specific repositories are class objects, and do not have any 
attribute values. The instances of the class objects are generated to make the 
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application models. The activities specify the responses of the objects against the 
input to the objects. The activities affect the attribute values of only the object 
which has the activities and send the responses to the other objects. 

The data sections of the objets are described by sets of attribute names and 
attribute values in the following form. 

(1) 

where, X, Ph and ai are the object name, the attribute name and the attribute values, 
respectively. The activity section is given by a set ofthe procedural methods. 

When making an application model from an particular model repository, the 
model builders get the model components from the model repository, arrange them 
according to their relationships, and give the attribute values of the model 
components manually or automatically to generate the instances. 

Classification axes of model components 
The model components which one facility in the manufacturing system is 
represented are exarnined the consistency. The class objects of these model 
components are classified and structured in the generic and the specific model 
repositories according to three kinds of axis; they are, aspect, abstraction and 
scope. The relationships which are used to examine the consistency among the 
model components are defined based on the axes. The meaning of the axes are 
summarised in the followings. 

(1) Aspect 
The aspect describes the viewpoints and the application fields of the model 
components. For example, a machine tool model should have an attribute of 
operation cost for cost management aspect. On the other hand, attributes of 
availability and capacity are to be included in the machine tool model for factory 
supervising aspect. 

(2) Abstraction 
The abstraction gives the degree of the abstraction of the model components. For 
example, a transportation machine model is an abstraction of a set of specific 
transportation machine models, such as AGV s, conveyors, and cranes. This axis 
corresponds to the is-a relations in the object-oriented model. 

(3) Scope 
The scope describes the extents in the space and the time of the model components. 
For example, a supervisor of a factory requires a model representing all the 
physical objects in the factory in a long time period. A model representing a status 
of a machine tool in a short time period is sufficient for the operator of the machine 
tool. This axis specifies the part-of relations in the object-oriented model. 
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3 MODEL REPOSITORY FOR HIERARCHICAL PRODUCTION 
PLANNING AND CONSISTENCY MANAGEMENT 

3.1 Model components and their relations for production planning 

Production planning are in generat carried out hierarchically from the long term 
plans to the short term plans, and the planning tasks are sometimes carried out by 
different persons and/or organizations concurrently. The manufacturing system 
models applied to the planning tasks of different Ievels have the different extents in 
the space and the time. That is, these models are classified according to the scope 
in the model repository shown in 2.2. 

Figure 2 shows a case where three production planning tasks are carried out 
concurrently and hierarchically. In the higher Ievel, the higher Ievel jobs called lots 
are loaded to the higher Ievel resources called shops, and the production planning 
of the lots and the shops are carried out. In the lower Ievel, two production 
planners consider the production plans of the works and the cells, which are the 
constituting elements of the lots and the shops, respectively. The individual 
production planners generate their own manufacturing system models, and 
determine the production plans based on the models. This model integration 
problern is very serious, and an effective computerized support is eagerly required. 
Therefore, in this research, an object-oriented model repository is developed to 
support concurrent development and consistency management of the various 
manufacturing system models for production planning. 

Production planning consists of activities to select suitable manufacturing 
resources and their sequence for individual jobs to be manufactured, to select 
suitable loading sequence of the jobs to the manufacturing resources, and to 
determine starting time and/or finishing time of individual manufacturing 
operations executed by the manufacturing resources based on the pre-determined 
process times of the operations. 
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Figure 2 Concurrent and hierarchical production planning 
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The following objects are proposed to represent the manufacturing system models 
for the production planning. 

(1) Job 
Jobs are the objects to be manufactured in the manufacturing systems, such as the 
parts, the assernblies and the lots. A job has the information about the 
manufacturing process given by the sequence of the resources which manufacture 
the job. The data section of the job is described in the following form. 

( Jbi (SeqRs (Rsh Rsz, ... , Rsm ) ) (2) 

where, Rsj (j = 1, .. . , m) are the sequences ofthe resources. 

(2) Resource 
Resources are the objects which carry out the manufacturing processes of the jobs. 
The machine tools, the AGV s, the manufacturing cells and the shops are examples 
of the resources. A resource has the information about the loading sequence of the 
jobs which are manufactured by the resource. The suitable loading sequence of the 
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jobs is selected in the production planning tasks. The loading sequences of the 
resources are described in the following form. 

( Rsj (SeqJb (Jbt , Jbz, ... , Jbn) ) (3) 

where, Jbi (i = 1, ... , n) are the loading sequences of the jobs. 

(3) Operation 
Operations represent the manufacturing activities executed by the combinations of 
the jobs and the resources. An operation has the information about the starting 
time, the process time and the finishing time of the manufacturing activity. The 
time schedules of the individual operations are determined in the production 
planning tasks. The operation is described in the following form. 

(4) 

where, Jbh Rsj, t~o t2, and t3 are the job, the resource, the starting time, the process 
time and the finishing time, respectively. 

( 4) Sequential relations among operations 
Sequential relations among operations are derived from the manufacturing 
processes of the jobs and the loading sequences of the jobs, and given in the 
following form. 

(SeqOpij (prd_ (Opij~o Opij2· ... , OpijJ)(suc Opij)) (5) 

where, Opijt (1 = 1, 2, .. ,k) are the operationstobe carried out prior to the operation 
Opij· 

When the production planning is carried out hierarchically from the long term 
plans to the short term plans, the manufacturing system models applied to the 
planning tasks of different Ievels have the different extents in the space and the 
time. That is, these models are related with each other by the part-of relations. The 
following three objects are needed to represent the hierarchical relations of the 
components of the manufacturing system models. 

(5)Part-of relation among the jobs 
The object gives the hierarchical relations among the jobs, and is described as 
follows. 

(6) 

where, Jbx and Jbi (i = 1, 2, ... ,n) are the higher Ievel job and the lower Ievel jobs 
constituting the Jbx, respectively. 
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(6)Part-ofrelation among the resources 
The object gives the hierarchical relations among the resources, and is described as 
follows. 

(lncRsy (whole Rsy)(part (Rs~o Rs2, ••• , Rsm))) (7) 

where, Rsy and Rsi ( j = 1, 2, ... , m) are the higher level resource and the lower level 
resources constituting the Rsy. respective1y. 

(7) Part-of relation among the operations 
The object gives the hierarchical re1ations between the Operations, which are 
derived from the part-of re1ations among the jobs and ones among the resources. 
The following shows the contents of the object. 

(lncOpxy (who1e ÜPxy)(part (Opu, OpJ2, ... ,0prun)) (8) 

where, ÜPxy and ÜPii (i = 1, 2, ... ,n, j = 1, 2, ... , m) are the higher 1eve1 operation 
and the 1ower Ievel Operations, respectively. The Opii is a component of the ÜPxy• if 
the Jbi is a component of the Jbx and the Rsi is a component of the Rsy. 

3.2 Proeinetion planning process 

The production planning tasks of the individual Ievels are carried out through the 
following three steps by applying the model repository. 

STEP 1: Generation of manufacturing system model 
A manufacturing system model is generated by selecting and combining the model 
components from the repository. The instances of the jobs and the resources are 
generated, and the sequence of the resources is given to the jobs in order to specify 
the manufacturing processes. 

STEP 2: Selection of loading sequence of jobs 
Suitable loading sequences of the jobs are selected for the individual resources 
referring to the manufacturing processes. The selected loading sequences are stored 
in the resource objects as described in 3.1. The objects representing the operations 
and the sequential relations among the operations are also generated in this step. 

STEP 3: Determination of starting time and finishing time of Operations 
The starting time and the finishing time of the individual operations are determined 
based on the sequential relations among the operations and their process time. This 
task is carried out by the objects representing the sequential relations among the 
Operations. 



346 

3.3 Consistency management 

In the hierarchical and concurrent production planing, the objective of the 
consistency management is to keep the consistency among the production plans in 
the different Ievels, which are determined concurrently and independently. In the 
case shown in Figure 2, the following conditions should be kept among the 
production plans, if the Operation Opxy includes the operations Opii ; 

Sfxy = min (stij) (9) 
ftxy = max (jtij) (10) 

(i = 1, 2, ... ,n,j = 1, 2, ... , m) 

The following equation must be satisfied among the attributes of the operations. 

Pfxy = ftxy - Sfxy (11) 

Therefore, the following condition is derived from Equations (9), (10) and (11). 
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In order to keep the conditions given by Equations (9), (10) and (12), the 
manufacturing system models exchange the data of the starting time and the 
finishing time of the operations according to the part-of relations among the 
operations. The production planners should change the production plans referring 
to the exchanged data to keep the consistency among the models. 

4 APPLICATION OF MODEL REPOSITORY 

4.1 Model repository and modellog system 

A prototype of a model repository and a modeling system for production planning 
have been implemented using the object-oriented language Smalltalk. The basic 
architecture of the prototype system is shown Figure 3. The generic model 
repository for production planning stores a set of dass objects mentioned in 3.1. 
The particular model repository for production planning is generated by making 
sub-dass of the dass objects in the generic one. The production planners generate 
the manufacturing system models by instantiating the dass objects, and carries out 
the production planning based on the models. 

4.2 Case study 

A case study has been carried out to verify the effectiveness of the model 
repository. The manufacturing systems considered in the case study is shown in 
Figure 4 (a). The manufacturing system has two shops for manufacturing and 
painting processes. The lots consisting of sets of the works are input to and output 
from the shops sequentially. Therefore, the whole system is a flow shop type 
production system as shown in Figure 4 (b ). The painting process is also a flow 
shoptype production system where all the works are processed sequentially. The 
manufacturing shop consists of three manufacturing cells, and the manufacturing 
sequence of the individual works is different from each other. Therefore, the 
manufacturing shop is ajob shoptype production system as shown in Figure 4 (c). 

It is assumed in the case study that two production planners consider the 
production plans for the whole manufacturing system and the ones for the 
manufacturing shop concurrently, and that the consistency management between 
the two production plans is carried out through the data exchange between the 
models. 

Figure 5 shows an example of the hierarchical production planning tasks. Two 
production planners firstly generate the initial production plans shown in Figures 5 
(a-1) and (b-1) which are consistent with each other. Following this, the process 
times of the work 2 in the manufacturing cells are increased by two times as shown 
in Figure (b-2) due to the same troubles in the manufacturing cells, and the change 
of the finishing time of the Operations are sent to the manufacturing shop model. 
As the results, the schedules of all the Operations in the manufacturing shops are 
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changed automatically, and it is found that the due date of the lot 2 can not satisfy 
the due date as shown in Figure (a-2). 

The production planner of the shops, therefore, changes the loading sequences 
of the lots to the shops in order to satisfy the due date. The rescheduled production 
plan of the shops shown in Figure (a-3) is, then, sent to the cell model in order to 
adjust the production plans of the cells. The modified schedules of the cells are 
described in Figure (b-3). 

Figure 4 Target manufacturing system for case study 
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Figure 5 Exarnple of consistency rnanagernent 

5 CONCLUSIONS 

An object-oriented rnodel repository was discussed to classify the rnodel 
cornponents of the application rnodels for the consistency rnanagernent. Concurrent 
and hierarchical production planning tasks were also discussed in the paper, and 
the proposed rnodel repository for production planning was applied to the 
production planning problerns. The results are surnrnarised as follows; 

• Model generation process through the rnodel repository was proposed and 
rnulti-levels of rnodel repositories were considered to generate various types 
of application rnodels. 

• Three axes representing the aspect, the abstraction and the scope were 
proposed to classify the model components in the model repository . 

• Seven class objects were proposed as generic rnodel cornponents in the rnodel 
repository for production planning, they are, jobs, resources, operations, 
sequential relations arnong operations, part-of relations arnong jobs, part-of 
relations among resources and part-of relations arnong operations. The 
generated production plans were kept the consistency through exchange of the 
inforrnation about the operations. 

• A prototype systern of the rnodel repository and the rnodeling system was 
developed and applied to the concurrent and hierarchical production planning 
problerns. 
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