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Abstract
This paper deals with the use of meta modelling in improvement and automation of supply chain data integration. It is claimed that establishment, operation and maintenance of the supply chain data integration can be significantly improved by the use of intensive meta modelling. 
The focus for the application area will be on operational decision support using near real time re​lational data, and on the small to medium sized companies. Furthermore, a concept for a future self-optimizing and evolutionary data integrations systems is presented.
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Introduction
First, a developed modelling approach MMM (Meta Modelling Methodology) will be introduced, and it will be described, how MMM makes it possible to establish and to carry out data integration without the use of any pre-developed integration software. Together with other special features in the MMM approach this serves to automate and cost-minimize the supply chain data inte​gration, to make it attractive and affordable even for Small and Medium sized Enterprises (SMEs).
Second, the special requirements and conditions for integrated operational decision support in the supply chain will be elaborated.
Finally, an evolutionary and self-optimizing concept for supply chain data integration (SCDI) is presented. SCDI is based on the special features in MMM and the special requirements of the SMEs in the supply chain. SCDI gives an integrated, transparent and controlled read-only access to all kinds of data in the supply chain. Evolutionary here means that systems based on the SCDI-concept, more or less automatically, can adapt to changing needs like scaling up in num​bers of participants in the supply chain or changes in amount of data or changes in the desired response time when selecting data.
As any subject can be said to have a meta-theory, which is the theoretical consideration of its foundations and methods, any model can be said to have a meta model. The design and use of the meta model gives meaning to the models, and special features in the meta model has shown to make big differences concerning the use of the models.

Meta Modelling Methodology
MMM is a methodology based on object oriented modelling quite similar to UML (Unified Model​ling Language), (2004, OMG Specifications 1) and comparable to the well known concepts for meta modelling like seen in MOFTM (Meta-Object Facility Standard), (2004, OMG Specifications 2). But, thanks to a special and very simple implementation of the MMM based meta modelling and to its explicit integration with all the distributed data involved, a very simple and user friendly way of data integration can be supported. These special features of the MMM approach will be elaborated in the following.

Special features supported by the MMM approach
In this special SCDI context, the following MMM based features can be emphasized:
A. Meta data based integration. Data integration only based on meta data is necessary to obtain low cost maintenance and to avoid any pre-developed integration software.

B. Support for any ad hoc query. To obtain full flexibility and low cost maintenance, the user must have no logical restrictions in access to data, and users should be pro​vided with user friendly and flexible ways of retrieving the data.

C. Object-Relational integration. To obtain flexibility towards object oriented tools and to be user-friendly towards the users, any distributed source of relational data must be accessible using object-oriented terms like class, attribute, association, decomposi​tion and inheritance.
D. Scalable integration of distributed data. To provide an integrated and transparent look across any number of distributed data sources, physical or logical fragmentation, horizontal or vertical, must be supported in a proper and scalable way.

E. Dealing with incoherent data models. It must be possible to deal with incoherencies between the underlying data models for the distributed data sources.
F. Advanced data access control. Because of the special needs for data security in the supply chain, it must be possible in a very granular and secure way to control who is going to have access to exactly what data.
Each of the numbered features supported by MMM will by be further elaborated in the following.
A. Meta data based integration
Data integration can in this context be established either by software or by meta data. Normally the integrators seek to minimize the amount of integrating code-lines, because of the following burden of maintenance. An integration system can easily be very expensive or even impossible to maintain, especially if the data base designs and data models involved are changed very often. However, making integrating software and having it developed in beforehand, is the traditionally way of doing it using today’s technology.
The best solution will normally be to minimize or avoid pre-developed integration software. Helped by MMM it is possible to make a full integration only based on meta data. Instead the necessary integration software will be generated automatically at runtime. This approach reduces maintenance to be only a matter of meta data maintenance – instead of maintenance of the inte​gration software itself.
As an example a company, participating in a supply chain using MMM based data integration, can decide to move part of a relational data table together with its data into a new relational table and maybe place it on another server. Then the meta data only needs to be updated by changing the table information for the moved part of the table, and then the operation can continue. Dealing with pre-developed integrations software instead could easily have involved a great deal of hard​core programming expertise.
B. Support for any ad hoc query

Normally the developers of integrating systems try to figure out, which part of the data to make searchable and how to make it searchable. In that way they try to satisfy “most users”, because it is usually seen as impossible to give a generic and ad hoc access to all data. It is indeed a very difficult task to figure out which data “most users” want and how “most users” would like to select these data, especially when you are dealing with very dynamic supply chains, where the number and need of users will change at a daily bases and often in a very unpredictable way. Any solu​tion should also take these maintainability issues into account.
These problems are handled by MMM simply by allowing the user to get any needed subset of data across the entire distributed data base farm. Only the access control system shall restrict the user. See more about the access control system under F in the following.

MMM also supports several different ways of selecting data, all based on the meta data kept in the meta data base. Both concepts from the underlying object oriented data models and from the relational data base designs can be used. It is even possible to make an unqualified search for any matching string across any specified numbers of servers, data bases, tables and columns. See more about these features under C in the following. 

C. Object-Relational integration
MMM holds and maintains an object oriented meta model, describing and integrating the data models and data base designs for the whole supply chain. This object oriented meta modelling approach makes it possible to access all the distributed data in terms of classes, attributes, asso​ciations, decomposition and inheritance, and thereby also to provide a valuable object-relational integration.
Besides the basic facilities known from UML, MMM is also able to support what is called “binary recursion”, which means that any binary structure itself can contain one or two binary structures, which each can hold one or two binary structures, and so on. This special feature makes it very easy to model structures like association classes and some other n-ary structures. The binary recursion also leads to a simple and very straight forward implementation of the whole meta data base itself e.g. in a traditional RDBMS. 
Helped by the object oriented meta model, a MMM based dialog for data retrieval could look like this one:
1. The user chooses one or more classes (in terms of well-known user concepts)

2. For every class, the user chooses among related properties (attributes or associations)
3. For every property the user can add one or more data constraints (like >2, = 5 etc.)
A MMM based retrieval could also be based on any other part of the meta data and using quite different search strategies. 
The simple search strategy shown in the three steps above is based on object oriented concepts like classes, attributes and associations. In that way MMM supports a much more user friendly approach compared to using SQL (Structured Query Language). When using SQL the user has to specify data bases, tables and columns. In fact MMM automates the generation of SQL and the execution part as well, based on user choices in the search process.

Generation of SQL statements is under normal conditions unreachable for most users. And spe​cially in distributed system with a lot of participating data bases, tables and columns only very few users will be able to write the SQL needed.

D. Scalable integration of distributed data
MMM is based on a very scalable approach very much independent of the number of data bases, tables and columns involved in a search. This is caused by a very uniform and generic way of searching data in the distributed source data bases. After few milliseconds spent on generating the necessary number of independent SQL statements, these SQL statements are able to work independently using individual threads and parallelised distributed processing. This gives a very robust and highly scalable way of executing these SQL statements.

In a data base environment like SMEs, it will very often happen that some of the data bases are unreachable or even crashed. Due to the robustness of the MMM also these problems can be handled in a reasonable manner e.g. by defining how many seconds you can or will wait for re​sponse. Based on that part of the servers or data bases, which actually is responsive, you can often use estimation techniques to get an appropriate estimate instead of waiting a long time to get the final answer or maybe no answer at all. This is seen as a pragmatic but reasonable way of dealing with the fact that some data bases will not always be responsive.
E. Dealing with incoherent data models
When a company wants to integrate its own existing data bases, it will very often find some inco​herency between the respective underlying data models. When two or more companies want to integrate their data bases this incoherency problem can become much worse. 
The following strategies used partly solely, or in combination are recommended when dealing with incoherencies:

a. Business components like those introduced by Oracle Corporation and other software com​panies could be used as a starting point for conceptual standardization

b. The fundamental concept belonging to a major company in the supply chain could be used as a starting point for a conceptual standardization
c. The MMM allows a successive standardization starting with almost no use of the data model part of the meta data and gradually using more and more mutual supply chain concepts as a part of a gradually built and integrated data model
d. Theoretically MMM can hold and operate several incoherent data models, making it possi​ble for every company to keep its own concepts and data model. However, this strategy can generate the need for more maintenance and it will only support a very low level of data integration across the supply chain companies. 

Basically most incoherency problems are serious and they can give significant restrictions ac​cording to the reuse of the existing data and in the integration of data in general. E.g. the situa​tion, where classes of the same name are connected to quite different properties across the sup​ply chain and the other way around where classes with different names are connected to the same properties. 
Some of these incoherency problems are trivial to solve, e.g. there is no modelling problems or system problems in changing names, and eventually allowing individual naming of any concept in the meta data base. But very often it will be recommended to make naming conventions and standards for names of classes, attributes and associations, to ensure effective communication between the users and the companies. Such standardization can however cause organizational problems if not handled in a proper and effective way.

F. Advanced data access control
As data security is crucial in a supply chain it is very important that the control of access privi​leges can be handled in very professional and granular way. 

MMM supports the control of access privileges in a very effective and logical way – just like per​forming a search operation as show in the example given under C above. The principle is simply that any user has his personal “maximum search profile”, which means that only a well defined number of classes, related attributes and associations and their related data constraints are al​lowed to be used by a specific user. This maximum search profile also controls the selection in​terface, so that only concepts belonging to the maximum search profile will be visible and there​fore searchable in the search interface.

This way of controlling the access privileges seems to be very easy and very logical to use, as it is like carrying out a normal search. When new users are allowed to reuse other users’  maximum search profile or a modified version of these, then the system is expected to be both quite effi​cient, safe and user friendly as well.

Before elaborating the MMM-based SCDI system, a more detailed description will be given to characterize the characteristics for supply chains and their special need for operational decision support and data integration.
Data integration in the supply chains of the SMEs
This paper focuses on the part of SMEs, which is able and interested in delivering and using data of the needed quality for effective decision support in the supply chain. The importance of topics like organizational and cultural readiness for participation in supply chain collaborations is also recognized, although they are not treated in this paper.

Initially many SMEs may only need a simple data integration solution. At the same time the data integration solution must be easy to manage and easy to adapt to the unpredictable needs in the future, where the type and level of collaborations can change regularly.

The data integration delivers data for decision support, and data is primarily data already stored in the supply-chain company’s relational data bases (RDBMS). But, the content of the data can be almost everything, incl. documents, plans, forecasts, multimedia files and web-links.
Dynamics and complexity in the supply chain
Supply chains are dynamic, sometimes evolutionary and even for a single company the structure of the participation in different types of supply chain collaborations can be quite complex. More​over, it often makes more sense to consider supply chains as supply networks. The evolutionary and dynamic characteristics of the supply chain are illustrated in figure 1.

Figure 1 shows different types of collaboration, defined by complexity and integration of the sup​ply chain. Full collaboration is the highest level and co-operation is the lowest level. Open market represents no collaboration at all, but still there might be a vital need for data exchange at the open market level, especially concerning orders and invoices.

The types of collaboration are illustrated by the big arrow shown in figure 1. The dynamic char​acteristic is illustrated by the double-ended arrows, showing that any entrance and exit of supply chain collaboration is possible, besides the natural evolution of collabora​tion. The collaboration classification in figure 1 is inspired by (Bonde & Hvolby, 2002) and (Lan​gen​walter, 2000).










Figure 1. Levels of collaboration and the natural evolution in collaboration, both illustrated by the big arrow. The dynamic caused by companies entering and leaving the supply chain collabora​tions is illustrated by the small double-ended arrows. Adapted from (Bonde & Hvolby, 2002) and (Langenwalter, 2000).

The evolution illustrated in figure 1 might be a natural evolution of the engagement for a single company or for a supply chain as a whole. In practice a company with no experience in supply chain collaboration cannot expect to start at some of the higher levels of collaboration. In that way the levels of collaboration in figure 1 might also be seen as maturity levels of collaboration.

Figure 2 illustrates the complexity and the structure of the supply chain collaborations. The supply chain structure is seen from the perspective of a single company, here shown as company num​ber 1. According to (Langenwalter, 2000) and others it is found, that the degree of information integration and the amount of data difficulty increases when the collaboration level increases, and these trends accelerate towards the highest level of collaboration.
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Figure 2. The complexity made by the number of participations in supply chain collaborations and the different levels of collaborations, seen from the perspective of the focused company, named company 1. The lines represent collaborations and the numbers represent companies. The fo​cused company 1 is seen to collaborate in all four different types of collaborations, beside its re​lationships to the Open market. Adapted from (Bonde & Hvolby 2002).
Together, figures 1 and 2 give a picture of the evolution, dynamic and complexity of supply chain collaboration. Nothing suggests that the future will slow down these characteristics of supply chain collaborations. The demand for agility in the supply chain and in the participating compa​nies is obvious and so are the corresponding needs for agile supply chain data integration.
Operational Decision Support
Operational decision support is decision support referring to the lowest level of management in the company or in the supply chain. This definition is similar to the definitions of (Marakas, 2003) among many others.
Decisions can be taken in a planned way, and the decision support data will then be well speci​fied. At other times the need for decision and decision support data are unpredictable. Then the need for data is unknown and the data has often to be found in an iterative search process. Es​pecially this ad-hoc like decision is often a challenge for the traditional decision support system, as operational decisions are characterized by a short horizon and must be made quickly. There​fore the value of data for operational decision support depends very much on the support for an effective and iterative search process. Furthermore, it is essential for operational decision sup​port, that data are accessible and near real-time.

In practise, the operational decisions are often seen as an integrated part of decisions carried out at higher levels of management. In that way operational decision support becomes vital for plan​ning and other more tactical decisions. As an operational decision support system is used for a long period, undeleted data will also be useful for making analyses and statistics also valuable for long term planning. In this context the definition of an “Operational Data Store” (ODS) then be​comes a data base made for supporting operational and tactical decisions like scheduling, plan​ning and troubleshooting.

An ODS is often seen as a go-between data base between the operational data base like an En​terprise Resource Planning (ERP) system data base and the common Data Warehouse (Winter, 2001). The purpose is primarily to get near real-time data for systems like Advanced Planning and Scheduling systems (APS), but the ODS is also used as a staging area giving independence between the operational data bases and the Data Warehouse. In the SCDI system the ODS has similar purposes, besides that, it is here going to adapt and scale in an automatic way together with the changing needs of decision support in the supply chain.
The SCDI-system
The SCDI-system will be outlined in the following, stressing the way it meets the discussed needs for adaptability, scalability and self-optimization.
In figure 3 the design of a SCDI connection is shown for five companies, 1, 2, 6, 7 and 8. Notice that all data integration is carried out via the SCDI-system. This means that the number of con​nections between the supply chain companies can be reduced, as every company only needs one connection. E.g. the focused company, company 1, now only needs one SCDI-connection to be data integrated to the three collaborating companies, 7, 8 and 2 and to any other company connecting the same SCDI system in the future.

[image: image2]
Figure 3. The design or the connections to the SCDI-system is shown by arrows. The company in focus, company 1, is connected to 6, 7, 8 and 2 via the SCDI interface. The col​laborations are shown with normal lines.

The SCDI-system could be driven by a major company in a supply chain, like company 1 at figure 3, or by the supply chain as a whole. The SCDI-system as a whole or only some of its compo​nents can also be run by an application service provider (ASP).
Four components of the SCDI-system
A system based on the SCDI-concept, her called the SCDI-system, has the following four major components, as shown in figure 4.  

Component A
In Component A, the selection interface, any accessible supply chain data in a generic and intelli​gent way can be ordered by the user or by a business component. Any data selections can be carried out using the same user-friendly search strategy, which gives a transparent and inte​grated view across all the connected data bases. Helped by the meta data from the Meta base in Component C, the selection interface can effectively support the user in an iterative and user-friendly search process. Any delivering data format can be chosen, depending on the amount of data or the expected use of the data selected. Furthermore, the Component A is fully independ​ent of any data- or meta data-changes in the distributed supply chain data bases. 

Component B

The generator uses the specified order for data given in Component A and the meta data from the meta base in Component B, and it makes the generation and execution of ade​quate search programs. The selected data is then received, integrated and formatted and then ready for deci​sion support or for further treatment outside the SCDI-system. The generator uses the meta base to tell where the wanted data resides, which might be among the supply chain companies or in the SCDI-systems databases.
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Figure 4. The four components of the SCDI-system, where the Data base Component C contains the following three data bases: The Meta base, the Operational Data Store (ODS) and the Data Ware​house data base (DWH).

Component C
The data base component, which contains the following three data bases: Meta base, ODS and DWH. The meta base holds and integrates all relevant models and data docu​mentation, for all the accessible data bases in the supply chain. Business models might also be represented and inte​grated in the meta base, together with interface specifications from specific business compo​nents. Basic structures like decomposition and inheritance are initially supported by the meta base. The meta base also holds all specific access privileges specified for the con​nected supply chain companies. Almost any specification of access privileges is possible and easy to define.
Component D
The optimizer, which measures pattern and performance of the SCDI data selec​tions, and it sup​ports optimizing whenever the service level is insufficient compared to defined ser​vice levels goals. The optimizers strategy is primarily to minimize the need for data replication both between the local company data bases and the ODS data base and afterwards between the ODS and the DWH. This strategy will keep data nearer real-time, minimize the size of the ODS- and DWH-data bases and minimize resources spent on developing and maintaining lots of cost-intensive replica​tions. The optimizer component is expected to be able to generate and set up some simple repli​cation services automatically, when it is necessary. Based on these automati​cally generated rep​lication services, more sophisticated replications can be tailored manually and af​terwards run automatically by the optimizer.
SCDI supports data integration in three ways

Basically the SCDI-system can make data integration and decision support in the following three ways:
1) A virtual ODS, where the decision support data only resides into the local company data bases. This way of making data integration will often have the lowest cost, and should be pre​ferred as long as the service level for data delivery is acceptable. As long as only virtual ODS is used, the ODS-data bases can be empty. Only meta data must be kept in the SCDI-system’s Meta base.
2) A real ODS, where the asked data is replicated and maintained in the ODS data base. This way of integration will reduce the response time and solve some other problems that may occur when using virtual OSD. But this way of data integration will normally be considerably more costly than using the virtual ODS. The real ODS can be realized in 2 ways depending on how often rep​lication has to take place. If frequently replication is necessary, the data base design from the company data bases will be reused in the replicated tables in the ODS. Otherwise another inter​nal data base design will be used.
3) A DWH, where data search is further optimized helped by special data base designs, indexa​tion and redundancy. The DWH will primarily be used for specific historical data relevant to the operational decision support. E.g. data, which normally would be deleted in the company data base after a short period. Static data ordered frequently or static data belonging to heavy data selections could also end in the DWH.
Compared to companies’ delivery of materials, the virtual ODS way of delivering data is the most demand-driven approach, where inventories are removed and so are the risk for storing outdated material. The SCDI-system will always try to use the virtual ODS as much as possible, before it starts to replicate data to ODS and eventually once more to DWH. This makes the SCDI-system both self-optimizing and cost-optimizing.
SCDI seen as an evolutionary system

The SCDI-system appears to be adaptable, scalable and flexible in a way that makes it able to match the changing needs and the natural evolution of supply chain collaborations as shown in figure 1.

The SCDI-system supports a cost-minimized evolution of the SCDI-system data base, and the resulting picture after a long period of use, could look like illustrated in figure 5.
Figure 5 shows how the Data base component of the SCDI system can evolve depending of the type of collaboration and the data load of the SCDI-system. Three representative levels of the SCDI data base evolution are shown in figure 5. Each level is characterized by the different quan​tities of data in the Meta base, the ODS and the DWH.

Level I in figure 5 represents the initial data integration, where only the basic meta data, incl. the access privileges, are stored in the meta base. This makes the system able to use virtual ODS, and it will continue with this way of data integration as long as it is cost-effective. 

Level II is characterized by some data in the ODS. The data integration based on virtual ODS is now complemented by real ODS. The meta base is growing because of more intensive types of collaborations, which give more data types, data models, data bases etc. to document.
At level III all three ways of data integration are used and complement each other. The SCDI-system can now act much like a Data Warehouse solution combined with a ODS. Still, the meta base is growing and making the SCDI-system more powerful and intelligent. At this level more and more business models could be integrated into the meta base, making it possible to connect business components to the SCDI-system. 
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Figure 5. Three levels of the evolutionary SCDI-data base component defined by the data load (amount of data x frequency of search) and the level of collaboration from figure 1. In the data base component M stands for Meta base, O for ODS and D for DWH as used in figure 4.
Conclusion and further research

The dynamic, complex and evolutionary supply chains call for advanced and flexible information system for data integration. Thanks to the adaptability, scalability and self-optimization, the MMM and SCDI concept meets these requirements in a way that might also be attractive and affordable to SMEs.

The SCDI-system supports “information on demand”, helped by the use of a virtual ODS. This gives an effective and low-cost support for the initial needs for data integration. If the supply chain collaboration evolves and other needs for decision support occur, then the SCDI-system has the ability to grow with the needs, helped by the expandable meta​ base.

Status of the MMM approach and the SCDI-system development is that some focused prototypes of the selection Compo​nent A, the Generator component B and the Meta base in the Data base component C are devel​oped, and some tests have validated the basic characteristic, described in this paper. The Optimi​zer component D is not yet designed, and there is need for further devel​opment of all the compo​nents.
It is also important to focus on cultural, organizational or knowledge-sharing problems, as they can make exploitation of concepts like SCDI impossible. According to (Hvolby, 2003) successful sup​ply chain collaboration depends on how the involved companies share both influence and benefits. The same advice shall be given when a supply chain wants to implement and utilize a system like SCDI.
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