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Abstract - The adoptions of e-business, e-service, e-
management, and e-process in enterprises are 
accelerating across all the industrial and business 
sectors around the world. Correspondingly, an 
integrated plant-wide information system for 
manufacturers becomes fundamental to their continuous 
successes when customers are able to place orders of 
products and/or services via the Internet. But the lack of 
an effective (data) link between manufacturing and the 
supply chain, or other office information systems 
prohibits many of them from deploying an integrated 
plant-wide information system. This paper presents an 
approach to the implementation of such an e-DataLink 
(EDL), which facilitates system integration between 
manufacturing and office planning. By incorporating 
the concept of Virtual Production Lines (VPL) into the 
EDL, the computations of the EDL become 
information-centric rather than process-centric, 
resulting in delivering shop floor data to office planning 
in the right context at right time. In addition, using the 
XML technology a generic data format for system 
information (such as tasks, statuses of equipment, 
consumables, and products) will be employed in the 
EDL. The use of the well-recognized universal data 
exchange language and appropriate data fusion 
framework makes system integration much easier, 
practical, and cost-effective. 
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1 Introduction 

To have real-time performance in a distributed 
information system has been very challenging for many 
years. With the emerging of the Internet and advanced 
network computing technologies, it gradually becomes 
a de facto requirement for enterprises to have their 
business transactions, enterprise operations, and 

automation controls in a geographically dispersed and 
distributed environment be conducted in real time. The 
adoptions of e-business, e-service, e-management, and 
e-process in enterprises are thus accelerating across all 
the industrial and business sectors around the world. 
Correspondingly, an integrated plant-wide real-time 
information system for manufacturers becomes 
fundamental to their continuous successes when 
customers are able to place orders of products and/or 
services via the Internet [7]. 

 
In a plant-wide information system, the Shop Floor 

Control System (SFCS) coordinates all production-
related operations and events in a timely manner such 
that all assigned tasks are fully and efficiently 
completed. “Data fusion is a formal framework in 
which are expressed the means and tools for the 
alliance of data originating from different sources. It 
aims at obtaining information of greater quality; the 
exact definition of ‘greater quality’ will be depend upon 
the application.” [10] Fig. 1 shows how the SFCS, 
manufacturing execution system (MES) – the linkage 
between manufacturing and office planning, and office 
information systems, such as enterprise resource 
planning (ERP), can be truly integrated from both data 
refinement and data fusion perspectives. It is apparent 
from the diagram that the SFCS plays a key role in a 
plant-wide information system. It is the SFCS that 
executes tasks assigned by the MES and timely 
provides the MES with relevant data from various 
sources (e.g., machines, materials, processes, 
personnel).  The MES accepts cohesive data from the 
other office-based systems and ensures that their 
requests and information accurately interpreted and 
promptly delivered to the shop floor in a consistent 
manner.  Therefore, true system integration with 
cohesive and high quality data, rather than merely 
point-to-point interfacing to the shop floor, is 
fundamental in the realization of a truly plant-wide real 
time information system [4, 6].  
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Figure 1. Data Fusion View of A Plant-wide Information System [4] 
 

An industrial survey [4] shows that there are two 
primary reasons for the slow adoption of the make-to-
order business model from the SFCS viewpoint. One 
reason is the high cost and long development cycle and 
the other is the lack of working data fusion framework 
for smoothing the integration among the SFCS, MES, 
and manufacturing processes/systems. This paper 
describes such a framework, ultimately leading to the 
realization of a practical plant-wide real time 
information system.  

 
The paper is structured as follows: Section 2 

provides a literature review of state-of-the-art SFCS 
modeling and integration technologies; section 3 
introduces the concept of virtual production lines; 
section 4 presents a generic e-DataLink data structure 
using the XML technology; section 5 introduces the 
framework called an e-DataLink (EDL) model to help 
integrate all levels of data in a plant-wide real time 
information system; and section 6 provides some 
concluding thoughts.   

 

2 State-of-the-Art SFCS Modeling  

The study on how to effectively and maximally shorten 
the long development cycle and reduce the high cost of 
deployment of SFCS systems on the shop floor has 
been an open issue for many years [3, 5]. 

Methodologies for modeling a discrete manufacturing 
system (DMS) include Markov chains, queuing theory, 
Petri-nets, supervisory control, and structured adaptive 
supervisory control are widely used in the creation of 
the necessary DMS models for analysis, planning, 
scheduling, and implementations of isolated SFCS [2, 
3, 5, 9, 12].  

 
Because of the combinatorial explosion of solution 

complexity when the dynamics of a DMS is modeled 
for control using Petri-nets and supervisory control [2, 
5], the use of these methodologies has been typically 
limited to simple systems (such as small or medium-
sized manufacturing operations with a fixed part-mix 
and well defined processing routes [12]). The structured 
adaptive supervisory control (SASC) methodology for 
modeling a DMS takes account of the model 
complexity, system flexibility and robustness, and ease 
of model construction [5]. To reduce the complexity of 
the model (in terms of the number of required control 
states by a significant order of magnitude) an extended 
finite state machine, called a finite capacity machine, is 
developed.  The complexity growth function of a 
control model based on a finite capacity machine 
becomes linear in the number of synthesized system 
components. After incorporating supervisory control 
theory into the model, an SASC model, which is 
independent of any specific control architecture, can be 
created through a systematic approach.  There are three 
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function layers (i.e., acceptance, adaptive supervision, 
and execution) that compositionally and modularly 
integrate the SASC model. The SASC methodology 
indeed resolves the control modeling issues of a DMS 
on the shop floor, but lacks the necessary mechanisms 
to incorporate system information (i.e., data refinement 
and data fusion) in a timely manner. 

 
Data fusion is defined as a key enabler for the 

situation analysis in [8], where design issues on 
different levels of data fusion are discussed in support 
of the stimulation and performance measurements of 
situation analysis agents based on blackboard 
architecture. Chang and Znati [1] describe an approach 
to the fusion of multimedia information based on the 
concept of active document advertising on the Internet.  
Their core idea is to use the metadata of a document 
called “adlet”, which travels in the network, to perform 
information fusion and reporting. Using asynchronous 
and transparent service access mechanism, Yao et al 
[11] use metadata to describe collections of document 
both in term of their content and structure to 
dynamically provide the system with appropriate 
document analysis services in a context-sensitive 
manner.   

 
To realize real-time shop floor responses, the 

integration of the SFCS and Office planning systems is 
vital to the deployment of a plant-wide real time 
information system.  The Internet has brought about a 
broad shift in manufacturers’ business models from the 
customary make-to-stock paradigm to the more efficient 
make-to-order operation. The latter business model has 
a compelling need for real-time information from the 
shop floor to be available to the office decision-making 
systems. For example, material suppliers must be 
informed in a timely manner of the status of actual 
material consumption on the shop floor through a 
deployed supply chain management system. The 
accurate data in the right context should be timely 
delivered to the right system components or end users. 
When information is overwhelmingly collected from 
various sources, a framework defining data fusion at 
different levels in a plant-wide information system 
becomes essential.  

 

3 Virtual Production Lines 

The concept of process routing (i.e., process plan) has 
been commonplace for many years. In both the more 
traditional (make-to-inventory) or current (make-to-
order) manufacturing management systems, predefined 
process routes are essential in production control on the 
shop floor. When materials advance through different 

processing equipment, shop floor management systems 
use these pre-defined routes to supervise, monitor, and 
control all activities whether manual, semi-automatic, 
or fully automatic.  In an integrated system 
environment, the MES creates an optimal process route 
and generates relevant machine-executable tasks based 
on actual and current shop floor states. The SFCS, 
synchronized with the MES in a lockstep fashion, 
initiates and supervises shop floor machine operations 
in concert with the plan and meets all control 
objectives.   

 
To meet the needs of a continuously intensifying 

global competition, production routes for products have 
gradually become more volatile for manufacturers so 
that the make-to-order business model can be adopted. 
Instead of having pre-defined and fixed production 
lines, manufacturing operations need to have the ability 
to be re-defined “on-the-fly” based on the dynamics of 
product orders and available manufacturing capacity. 
Once a product is ordered and scheduled for 
production, the necessary and corresponding production 
line will be strategically and optimally formed, based 
on the actual status of shop floor manufacturing 
conditions.  As soon as the production run is finished, 
the corresponding line will be dismantled and all 
equipment that was used for the product optimally 
reallocated or parked in a ready-to-use state.  When 
machine breakdown, tool shortage, or rush orders 
occur, the system will respond in real time to make the 
best adjustment and reaction to the exception.  This 
type of production line is volatile and virtual, and is 
thus called a virtual production line (VPL) [6]. 

 
Taking advantage of network computing to achieve 

better performance and scalability, each VPL in an 
MES is governed by an instance created from the MES 
server. So, if there are m VPLs defined in a DMS, the 
set of {Instance MES 1, Instance MES 2, …, Instance 
MES m} can be instantiated from the defined VPLs.  It 
should be noted that an instance corresponds to a 
computing process, which is in turn a transformation 
from a deterministic finite capacity transducer.  The 
MES cannot provide guaranteed real-time responses 
unless it is seamlessly integrated with the SFCS.  
Therefore, SFCSs must be created based on the 
definitions of VPLs in the SFCS formal model. 
Obviously the set of {Instance SFCS 1 Instance SFCS 
2, …, Instance SFCS m} for the SFCS formal model of 
the DMS is required.  Fig. 2 shows the layer structure 
of a VPL-based MES and SFCS in a plant-wide 
information system. A coupler  
performs in a lockstep loop manner such that an 
operation in VPL-based MES instance and its 
corresponding operation on the shop floor can be 

),( mesT mesmes C=Ψ
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stepwise coordinated and the relevant information 
synchronized [6].  

 

Figure 2. VPL-based MES and SFCS Context Model 
 

4  A Generic e-DataLink Data Model 

The data contents transmitted back and forth in the 
information system could include all the information 
related to customer orders, supplier chains, production 
control, product, engineering, resource, personnel, 
process, machines, and shop floor activities. The 
information takes different granularities at different 
levels due to different applications and interests in 
different business system units. Thus the data should be 
fused in order to meet the needs of an application in an 
optimal way when overwhelming information comes 
from various sources. A general tree structure is defined 
to store the right contents when a specific data object is 
produced or consumed at different levels in a plant-
wide information system. Fig. 3 shows an example of a 
customer order. The structure is constructed based a 
well-developed plant-content XML schema.  

 
For an instantiated data object, part of attributes of 

each child is given using metadata, which can be 
continuously added, deleted, or updated/customized 
throughout different levels in the system. Metadata 
defines data fusion at the level and the integration of 
consistent/inconsistent data from the family sources 
(i.e., parent and child/children); it also illustrates how 
and where the associate data will be used, for instance, 
a specific process in a designated VPL. Therefore, 
when the data object traverses different levels of the 
system, the right data in the right context can be 
optimally constructed and delivered. 
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Figure 3. XML-based Data Structure 
 

5 e-DataLink Integration Model 

The lack of effective mechanisms for smoothing the 
integration between SFCS and office planning is 
hindering commercial deployment of integrated plant-
wide information systems. As discussed above, SASC 
methodology resolves the problem of modeling the 
control of a DMS on the shop floor, while not 
considering the necessity of right control information 
flow into the MES in a timely manner [5].  On the 
contrary, VPL-based MES systems provide a means of 
realizing real time responses from the manufacturing 
execution point of view by assuming all information 
will be available on demand, while ignoring how the 
control information is to be gathered and fused from the 
shop floor. By taking advantage of SASC modeling and 
VPL-based MES modeling, an information-centric 
model called e-DataLink (EDL), aiming at the 
synchronization and timely delivery of necessary 
information in the system, can be developed.  

 

5.1 Extended Executor 

If machines are to added or deleted from a VPL, or 
reassigned into a different VPL, a mechanism for 
dynamic adjustment of the domains of these sets as 
defined in equipment executor (Me) [5] should be 
included. Transitions defined in the executor of an 
SASC model must be capable of applying different 
constraints to match the situation when a machine’s 
contribution to a VPL has been changed on the fly.  
Taking account of these needs, an executor (Me) can be 
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formally defined as Me = (Qe, , , N'
eQ

τ
a

m
etQ
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e, Σe,   δe, 

qe0, Qef), where Qe is a finite control set,  is a state-

availability control set,  is the token control set, N

'
eQ

m
etQ
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e 
is the VPL name set, Σe is the input alphabet, δe:Σe×Qe

→Qe is the transition function, qe0 ∈ Qe is the initial 
control state, and Qef ⊆ Qe is the final control set. Then 
the accepted language is defined as 
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Then an executor can be formally defined as Me = (Qe, 
, , , Σ'

eQ m
etQ i

eN e, δea, qe0, Qef), i=1, …, m.  
 

5.2 Extended Adaptive Supervisor 

An adaptive supervisor oversees the behavior of the 
executor Me and coordinates all the computing 
processes within Me. The adaptive supervisor is 
formally defined as a filter which is a particular finite 
capacity transducer, i.e.,  Ms = (Qs, , , , Σ'

sQ
m
stQ

m
stQ sN s, 

∆s, δs, gs, qs0, Qsf), where Qs, , , Σ'
sQ

N

i
s

s, ∆s, qs0, Qsf 
are defined the same as before, is the corresponding 
VPL name set, δ

s

s:Σs×Qs→Qs is the state transition 
function,  and gs:Σs×Qs→∆s is the output function. 
When an adaptive supervisor initiates and monitors an 
executor, it creates valid communications iff the valid 
VPL name exists on each side. Like Me, in Ms there 
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Let = Q  couple supervisor Ms to executor 

Me by a lockstep loop in such a way that any currently 
computing instruction can be completed in Ms iff its 
output is currently executable in Me; otherwise, the 
instruction in Ms will be temporarily blocked. Formally 
a coupler 
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     (4) 
⇒

Τ is a downward lockstep feed which guarantees the 
output of Ms accepted stepwise by Me; C  is an upward 
lockstep feedback which guarantees that the next 
operation in Ms can be computed iff the operation in 
Me has been completed.  Whenever an operation 
suddenly becomes non-available, Ms could pick up an 
alternative from a corresponding task equivalence class 
if existing, then continue its computation [5]. 
 

5.3 MES/SFCS Integration 

When an isolated SFCS is integrated with an MES, its 
acceptor defined in the SASC model should become an 
integral part of the MES. An MES can be formally 
defined as a standard finite transducer [5], Qmes = (Qmes, 

, ΣmesN

mesN

mes, ∆mes, Imes, qmes0, Qmesf),   where Qmes, Σmes, 
∆mes, qmes0, Qmesf are defined the same as before, 

is the VPL name set, and Imes:Σmes×Qmes→Qmes is 
the state transition function. 
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By capturing the characteristics of a VPL-based 
MES, four layers with the support of EDL data objects 
(i.e., MES Server, MES Instance, Adaptive Supervisor, 
and Equipment Executor) need to be structured and 
integrated (Fig. 4).  An MES server provides the 
capability of defining both a virtual production line 
dynamically and accomplishing normal MES 
functionality. When a line is dynamically formed, a 
corresponding MES instance is “spawned”.  Formally 
the integration system as a whole behaves as numerous 
composite automata, where a coupler 

 synchronizes the computations 
of the MES server/instance, EDL data transformation, 
and the SFCS on the shop floor.   

),( mesT mesmes C=Ψ

 
No matter what data sources are, acquired data for 

an application/module in the system should be 
transformed and extracted as useful information within 
a given circumstance. Fig. 5 shows how EDL data 
object can be refined and transformed using XML 
technologies. A given application/module has a 
dynamically revisable configuration, which is written in 
XSLT language. For those overwhelming data from the 
shop floor, filtering and fusion algorithms are necessary 
(Fig. 6). The categories of useful data defined by upper 
level applications/modules are provided through 

subscription mechanisms, while data are fused using 
standardized data processing technologies, such as 
DOM (document object model). Therefore the majority 
of data from machines, materials, and processes might 
be kept at low levels, resulting in better performances 
from the system perspective. Using XML technologies 
makes the integration dynamic and extensible.   

 
 

XSLT 
Processor 

Tasks 
(XML) 

Commands
(XML) 

XSLT 

Refining tasks and data 
fused by transformation 
based on a given module 
configuration.

 
Figure 5. Data Refinement and Fusion 
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With the effective synchronization mechanism and 

EDL data model defined, the configuration and 
production instructions of a VPL can be passed from the 
MES server to an equipment executor in real time. 
Correspondingly, information regarding production 
counts, machine states, operator actions, and materials 
on the shop floor can also be promptly returned to the 
office planning systems.   

 

6 Conclusions 

This article shows a preliminary work for building 
MES/SFCS integration solutions applicable for the 
deployment of plant-wide information systems. Aiming 
in delivering the right data for right user at right time in 
an integrated plant-wide information system, an 
extended structured adaptive supervisory control model 
has been proposed by incorporating the concept of 
virtual production lines and taking the data fusion 
requirements into consideration. With the focus of the 
ease of implementation of system integration and the 
delivery of greater quality data from fusion and 
refinement, the proposed EDL model for a plant-wide 
information system is useful and practical. 
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