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$EVWUDFW�

The management of organizational knowledge is 
becoming a key requirement in many engineering 
organizations. In many cases, it is difficult to 
capture this knowledge directly, as it is hidden in 
the way-of-working followed by networks of 
highly qualified specialists. Moreover, much of 
this knowledge is strongly context-dependent, so 
rules to be followed must be augmented by ade-
quate situation analysis. Hardware and software 
tools used to support these processes are strongly 
heterogeneous, involving significant effort of us-
age and very different kinds of data.  
In this paper, we propose SURFHVV� GDWD� ZDUH�
KRXVHV as a means to remedy these problems. A 
process data warehouse, according to our ap-
proach, is centered around a knowledge-based 
metadata repository which records and drives a 
heterogeneous engineering process, supported by 
selected materialized instance data. We follow a 
concept-centered approach expanding ideas from 
the European DWQ project and illustrate our so-
lution with a prototypical process data warehouse 
for chemical engineering design developed 
within the Collaborative Research Centre 
IMPROVE at Aachen University of Technology.  
 

����,QWURGXFWLRQ�

Data warehouses have established themselves in the in-
formation flow architectures of business organizations for 

two main reasons: firstly, as a EXIIHU between operational 
and transactional tasks on the one hand, and analytical 
strategic tasks on the other. Secondly, to capture the KLV�
WRU\ of business transactions for purposes of archiving, 
traceability, experience mining and reuse. 

In this paper, we claim that the same basic arguments 
apply to engineering applications. In these applications, 
the EXIIHU�IXQFWLRQ of data warehousing may be even more 
important. Research results are often obtained by expen-
sive simulations or even more expensive laboratory ex-
periments, such that analytic processing on demand from 
information sources is only possible with exceptional ef-
fort. 

Similarly, from the viewpoint of KLVWRU\�PDQDJHPHQW, 
many engineering organizations complain that simulations 
and experiments are repeated unnecessarily, or at least, 
that too few lessons for analogous cases concerning prom-
ising or useless simulation/experimentation are drawn 
beyond the experiences of individual engineers. Several 
organizations are therefore embarking on large-scale 
traceability or process-capture programs [Ros98, Ram98]; 
other organizations pursue the introduction of large-scale 
document management systems [GSS99] (e.g. the Docu-
mentum product) that make at least a coarse-grained rep-
resentation of products and processes available electroni-
cally.  

This trend is particularly strong in the research-
intensive and law-suit prone process industries (chemicals, 
oil, food, pharmaceuticals, biotechnology) where global 
competition with many mergers is largely decided by 
timely and cost-effective invention of novel products with 
high market potential. In these industries, data exchange 
standards, interoperation standards, web-based informa-
tion distribution and portals, groupware and workflow are 
being developed within companies and on a scale of 
worldwide cooperation and competition. However, few (if 
any) coherent approaches have emerged. 

3URFHVV� GDWD� ZDUHKRXVLQJ is proposed as a solution 
strategy for some of these issues. We define a process data 
warehouse (PDW) as a data warehouse which stores histo-
ries of engineering processes and products for experience 
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reuse, and provides situated process support. According to 
our approach, a PDW synchronizes features from docu-
ment management systems, engineering databases, and 
traceability tools through active repository technology. To 
make the idea more precise, we report in this paper about 
a research effort in which we extend a recent approach to 
the design of data warehouses (developed in the European 
DWQ project [JaVa97]) to the case of process data ware-
housing in the domain of chemical engineering. This re-
search is carried out in the context of the IMPROVE Col-
laborative Research Center at RWTH Aachen [NaWe99] 
which investigates IT support for cooperative chemical 
engineering, and the European CAPE-OPEN initiative in 
which the chemical industries worldwide are attempting to 
standardize open interfaces for process simulation soft-
ware [Bra*99]. We are aware of at least two major Ger-
man organizations in the chemical and pharmaceutical 
industry where similar systems are in progress, in part 
based on earlier research results of ours. It has to be 
stressed that our experiences are still preliminary and 
point out more challenges than actual solutions – therefore 
the title of the paper. 

The paper is structured as follows: In section 2, we 
summarize the DWQ method for concept-driven data 
warehouse development. In section 3, we point out the 
major extensions required for process data warehousing in 
the chemical engineering domain and describe the princi-
ple solution strategies followed in the above-mentioned 
projects. These strategies are illustrated, in section 4, by a 
demonstration scenario we have implemented in the 
IMPROVE environment. Lessons learned and a summary 
of the remaining challenges conclude the paper. 

����7KH�':4�$SSURDFK�

A large body of literature addresses the problems intro-
duced by the data warehouse approach, such as the trade-
off between freshness of data warehouse data and distur-
bance of OLTP work during data extraction; the minimi-
zation of data transfer through incremental view mainte-
nance; and a theory of computation with multi-
dimensional data models. For an overview, see [JLVV99]. 

The goal of the European DWQ project [JaVa97] was 
to study a systematic methodology for data warehouse 
design by developing, prototyping and evaluating com-
prehensive Foundations for Data Warehouse Quality, de-
livered through HQULFKHG�PHWDGDWD�PDQDJHPHQW� IDFLOLWLHV 
in which specific analysis and optimization techniques are 
embedded. 

The main difference of the DWQ architecture to the 
standard data warehouse architecture in the literature 
[CGH+94] is the addition of an explicit FRQFHSWXDO� SHU�
VSHFWLYH according to which the goals of the data ware-
house, the quality of the available sources, and the inter-
ests of the clients can be characterized. Such a concept-
driven architecture is of particular relevance in our proc-

ess engineering context where data representations differ 
so widely that their interrelationships can only be de-
scribed at a conceptual level. 

The DWQ method consists of the six steps shown in 
figure 1. In this figure, the dark-grey boxes indicate logi-
cal data objects, such as relations, queries, or materialized 
(possibly multi-dimensional) views.  The light-grey boxes 
describe conceptual models; in DWQ, these are externally 
represented as extended Entity-Relationship models, in-
ternally modelled using Description Logic formalisms 
from artificial intelligence to allow for subsumption rea-
soning. The two ovals describe related support at the op-
erational level which we do not discuss further in this pa-
per: aggregate query optimization and view refreshment. 
The whole process is administered through a metadata 
repository which has been implemented using the Con-
ceptBase system [JGJ+95]. 

In the following subsections, we briefly describe the 
main steps and point to literature where more details about 
the underlying theory or applications can be found. 
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)LJXUH����DWQ Data Warehouse Development Process�

�����6RXUFH�,QWHJUDWLRQ��6WHSV���DQG����

The DWQ approach to source integration is incremental: 
Whenever a new portion of a source is taken into account, 
the new information is integrated with an “Enterprise 
Model”, and the necessary new relationships are added. 
The main concepts used in DWQ source integration are 
shown in figure 2 (a corresponding mapping exists on the 
client side of the data warehouse): 
• The (QWHUSULVH� 0RGHO is a conceptual representation 

of the global concepts and relationships that are of in-
terest to the data warehouse application. It provides a 
consolidated view of the concepts and relationships 
that are important to the enterprise, and have so far 
been analysed. Such a view is subject to change as the 
analysis of the information sources proceeds. The De-
scription Logic formalism we use is general enough to 
express the usual database models, such as the Entity-
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Relationship Model, and the Relational Model 
[CDL+99]. Inference techniques associated with the 
formalism allow for carrying out several reasoning 
services on the representation. The formalism is hid-
den from the user of the DWQ tools who only uses a 
graphical interface. 
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)LJXUH��� DWQ Architecture for Data Integration 

• For a given information source S, the 6RXUFH�0RGHO of 
S is a conceptual representation of the data residing in 
S. Again, the approach does not require a source to be 
fully conceptualized. Source Models are expressed by 
means of the same formalism used for the Enterprise 
Model. 

• Integration does not simply mean producing the Enter-
prise Model, but rather being able to establish the cor-
rect relationships both between the Source Models and 
the Enterprise Model and between the various Source 
Models. We formalize the notion of interdependency 
by means of LQWHUPRGHO� DVVHUWLRQV [CL93]. An inter-
model assertion states that one object (i.e., class, en-
tity, or relation) belonging to a certain Model (either 
the Enterprise or a Source Model) is always a subset of 
an object belonging to another Model. This simple de-
clarative mechanism has been shown to be extremely 
effective in establishing relationships among different 
database schemas (see also [Hul97]). We use a logic-
based formalism to express intermodel assertions, and 
the associated inference techniques provide a means to 
reason about interdependencies among models. 

• The logical content of each source S, called the 6RXUFH�
6FKHPD, is provided in terms of a set of definitions of 
relations, each one expressed as a query over the 
Source Model of S. The logical content of a source 
represents the structure of data expressed in terms of a 
logical data model, such as the Relational Model. The 
logical content of a source S, or of a portion thereof, is 

described in terms of a view over the Source Model 
associated with S (and, therefore, of the Conceptual 
Data Warehouse Model). Wrappers map physical 
structures to logical structures.  

• The logical content of the materialized views constitut-
ing the Data Warehouse, called the 'DWD�:DUHKRXVH�
6FKHPD, is provided in terms of a set of definitions of 
relations, each one expressed in terms of a query over 
the Conceptual Data Warehouse Model. How a view is 
actually materialized starting from the data in the 
sources is specified by means of 0HGLDWRUV. 

The following tasks work on this structure within steps 1 
and 2 of figure 1: 
• (QWHUSULVH� DQG� 6RXUFH� 0RGHO� FRQVWUXFWLRQ. The 

Source Model corresponding to the new source is pro-
duced, if not available. Analogously, the conceptual 
model of the enterprise is produced, if not available. 

• 6RXUFH�0RGHO� LQWHJUDWLRQ. The Source Model is inte-
grated into the Conceptual Data Warehouse Model. 
This can lead to changes both to the Source Models, 
and to the Enterprise Model. Moreover, intermodel as-
sertions between the Enterprise Model and the Source 
Models and between the new source and the existing 
sources are added to the Conceptual Data Warehouse 
Model. The designer can specify such intermodel as-
sertions graphically, and can invoke various automated 
analyses supported by the Description Logic formal-
ization. 

• 6RXUFH� DQG� 'DWD� :DUHKRXVH� 6FKHPD� VSHFLILFDWLRQ. 
The Source Schema corresponding to the new source 
(or, corresponding to a new portion of the source) is 
produced. On the basis of the new analysed source, an 
analysis is carried out on whether the Data Warehouse 
Schema should be restructured and/or modified. 

In all these tasks, the metadata repository stores the values 
of the quality factors involved in source and data integra-
tion, and helps analyse the quality of the design choices. 
The Quality Factors of the Conceptual Data Warehouse 
Model and the various schemas are evaluated and a re-
structuring of the Models and the schemas is accom-
plished to match the required criteria. �

�����0XOWLGLPHQVLRQDO�$JJUHJDWLRQ�DQG�2/$3�4XHU\�
*HQHUDWLRQ��

The next two steps consider the client side, symmetric to 
the source integration; they will therefore be described in 
less detail. 
6WHS� �� LQ� )LJXUH� �� The conceptual modeling language 
underlying the enterprise and source models, and the cor-
responding modeling and reasoning tools, have been ex-
tended to the case where concepts are organized into ag-
gregates along multiple dimensions with multi-hierarchy 
structure [FS99]. Data warehouse designers can thus de-
fine multi-dimensional and hierarchical views over the 
enterprise conceptual model in order to express the inter-

475



 

ests of certain DW client profiles, without losing the ad-
vantages of consistency and completeness checking as 
well as semantic optimisation provided by the conceptual 
modeling approach. 
6WHS� �: The thus defined “conceptual data cubes” can 
either be implemented directly by MOLAP data models, 
or supported by a ROLAP mapping to relations. Faithful 
representation of client views requires a careful design of 
an OLAP relational algebra, together with the correspond-
ing rewritings to underlying star schemas [Vass98].  

�����'HVLJQ�2SWLPL]DWLRQ�DQG�'DWD�5HFRQFLOLDWLRQ��

6WHS� �� Viewed from the logical level, our conceptually 
controlled approach to source integration has created a 
schema of relations implementing the enterprise model. 
This schema could be implemented directly as an opera-
tional data store (ODS). In a data warehouse with lots of 
updates and completely unpredictable queries, this would 
be the appropriate view materialization. 
Conversely, the mapping of multi-dimensional aggregates 
to ROLAP queries creates a set of view definitions (que-
ries). The materialization of these queries would be the 
optimal solution (storage space permitting!) in a query-
only data warehouse with hardly any updates. 
Typical data warehouses have less extreme usage patterns 
and therefore require a compromise between the two view 
materialization strategies. The DWQ project has investi-
gated solutions to this combinatorial optimisation problem 
[ThSe97, LiTS98].  
6WHS��� The physical-level optimisation is fully integrated 
with the conceptual modeling approaches because it works 
on their outcomes. Conversely, the resulting optimal de-
sign is now implemented by data integration and recon-
ciliation algorithms, semi-automatically derived from the 
conceptual specifications. The views to be materialized 
are initially defined over the ODS relations. There can be 
several qualitatively different, possibly conflicting ways to 
actually materialize these ODS relations from the existing 
sources. These ways are generated by a further set of re-
writings that can be derived from the source integration 
definitions [CDL+99]. 

The problem of data reconciliation arises when data 
passes from the application-oriented environment to the 
Data Warehouse. During the transfer of data, possible 
inconsistencies and redundancies are resolved, so that the 
warehouse is able to provide an integrated and reconciled 
view of data of the organization. In the DWQ methodol-
ogy, data reconciliation is based on (1) specifying through 
Interschema Assertions how the relations in the Data 
Warehouse Schema are linked to the relations in the 
Source Schemas, and (2) designing suitable mediators for 
every relation in the Data Warehouse Schema. In step (1), 
interschema correspondences are used to declaratively 
specify the correspondences between data in different 
schemas (either source schemas or data warehouse 

schema). Interschema correspondences are defined in 
terms of relational tables, similarly to the case of the rela-
tions describing the sources at the logical level. [CDL+99] 
distinguish among three types of correspondences, namely 
Conversion, Matching, and Reconciliation Correspon-
dences. By virtue of such correspondences, the designer 
can specify different forms of data conflicts holding be-
tween the source, and can anticipate methods for solving 
such conflicts when loading the Data Warehouse. In step 
(2), the methodology aims at producing, for every relation 
in the Data Warehouse Schema, a specification of the cor-
responding mediator, which determines how the tuples of 
such a relation should be constructed from a suitable set 
of tuples extracted from the relations stored in the sources. 

����([WHQVLRQV�IRU�3URFHVV�'DWD�:DUHKRXVLQJ��
7KH�&DVH�RI�&KHPLFDO�(QJLQHHULQJ�

The DWQ approach assumes a business data warehouse 
setting with a coherent conceptual model and limited het-
erogeneity in the data sources and client applications, 
based on relational or possibly semi-structured data mod-
els.   

In this section, we discuss the extensions we found 
necessary to support process data warehousing in the 
chemical engineering domain. These extensions are 
mainly twofold. At the conceptual level, the “enterprise 
model” of the DWQ approach has to be split into a set of 
loosely connected partial models which look at different 
facets of the chemical engineering process. Coherence 
between these partial models is achieved through the so-
called process flowsheet, a data structure (and visualiza-
tion) which turns out to be the central communications 
medium between the different kinds of specialists cooper-
ating in a design process. This is the key access structure 
to heterogeneous sources and documents. 

At the logical and physical level, heterogeneity of the 
process engineering tools is far greater than traditionally 
considered in OLTP data sources.  Therefore, an interme-
diate standardization step is necessary, not only at the 
level of data but also at the level of services; this is due to 
the fact that often the data of engineering tools are not 
sensibly accessible directly but only via the tool services.  

�����3DUWLDO�0RGHOV�LQ�&KHPLFDO�3URFHVV�(QJLQHHULQJ�

Chemical engineering is the combination of physical, 
chemical, biological, and informational operations on a 
chemical plant with the aim of transforming input materi-
als in a manner that a material product with desirable 
properties concerning type, behaviour, and composition 
results. Besides this main goal, the chemical engineering 
process is heavily influenced by considerations of cost and 
time, but also by environmental side effects, such as en-
ergy consumption, detrimental side products, water heat-
ing or pollution, and the like. 

476



 

Process engineering encompasses the handling of these 
processes in all stages from the early design phase to the 
operation of a plant. The overall development of a chemi-
cal process is a complex task that starts with the concep-
tual design. It does not end with the mapping to physically 
available equipment for operation and control, but accom-
panies the whole lifecycle, often over decades. 

The decisions made in the different design steps de-
pend on various factors: Chemical properties of the mate-
rials involved in the process (reactions, temperature, pres-
sure,...), technical feasibility, environmental and safety 
issues, cost and time. To assess all these properties, 
mathematical simulation models are built and calculated 
in the design phase. These models may differ widely in 
complexity and the kind of data they produce or need. 
Hence, the tools involved in the design process are highly 
heterogeneous. This includes flowsheeting tools for con-
ceptual design, process simulators for predicting the reac-
tions and behaviour of the chemical components in a 
process or numerical solvers for the large non-linear prob-
lems typically occurring in this context. 
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)LJXUH��� Partial Models and Tools 
 
At the conceptual level considered in the DWQ ap-

proach, this heterogeneity implies that a coherent “enter-
prise model” cannot easily be built. Instead, a multitude of 
partial information models is being considered with 
poorly understood interconnections. In IMPROVE, such 
information models are being systematically developed 
for the important process engineering perspectives 
[BaSM99]. However, empirical studies of process engi-
neering work demonstrate that one family of closely re-
lated sub-models, visualized through flowsheets of the 
chemical process, has a clearly dominating role in the 
communication between different designers. Our model-
ing strategy, described in more detail in [JLW99], has 

therefore been to use a conceptual model of flowsheeting 
as the kernel of a metadata model to which all other in-
formation models are related. To illustrate the central role 
of the flowsheet, figure 3 shows the partial models (and 
related tools) considered in the IMPROVE demonstrator. 

In the simplest case, a flowsheet looks like a kind of 
data flow diagram with a lot of fancy graphical types for 
different kinds of devices (corresponding to processes) 
and connections (corresponding to dataflows). However, 
this simple analogy is complicated by at least three fac-
tors. These factors are illustrated in figure 4 that instanti-
ates some aspects of figure 3. 

Firstly, flowsheets may describe very complex proc-
esses and evolve in complex refinement structures, includ-
ing operations such as enrichment of object definitions, 
decomposition of functions, specialization of choices, and 
realization of functions by (combinations of) device types. 
This can be seen in the middle of figure 4. 
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)LJXUH��� Flowsheet Hierarchy connected to Heterogene-
ous Data 

Second, process synthesis decisions are made under 
uncertainty about their impact. A complete analysis of all 
design choices is impractical due to the high effort in set-
ting up simulations or laboratory experiments. However, 
decisions under uncertainty may mean backtracks in the 
engineering process, especially if not accompanied by 
deep experience or available theory. The heterogeneity of 
representations required is illustrated in the figures sur-
rounding the conceptual model hierarchy in figure 4. 

Last not least, there is a huge and continuously grow-
ing number of different devices, connections, and special-
ized functions that can be used in chemical engineering; 
estimates speak about roughly 50.000 types to be consid-
ered. The information models of a meta database for proc-
ess data warehousing must therefore be easily extensible 
by new product and process knowledge, and cannot be 
mapped one-to-one in tool functionality. Indeed, even the 
storage, search and consistency analysis of such large 
schemata becomes a problem [BaJa99, Satt98]. 
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Summarizing, the requirements of the process engi-
neering domain strongly support the case of a concept-
driven approach as proposed in DWQ. They also require 
further refinements of metadata handling concerning in-
formation model integration, structural and behavioural 
refinement, the interplay of design and analysis, and the 
extensibility with a growing body of knowledge. In sec-
tion 4, these issues are demonstrated through an “extended 
situation analysis” function where only basic structural 
knowledge is hard-coded in design tools such as a flow-
sheet editor. Detailed domain knowledge is available in 
declarative form in the metadata repository of the process 
data warehouse. The situation knowledge required for 
context-adequate application of the domain knowledge is 
collected from either the PDW itself or by callback que-
ries to other engineering tools. 

�����'HDOLQJ�ZLWK�+HWHURJHQHLW\�DW�WKH�7HFKQLFDO�/HYHO�

The diversity of information models at the conceptual 
level is exacerbated by diversity of data formats and ser-
vice accessibility at the technical level of chemical engi-
neering tools and materials databases. Current process 
engineering environments often hide this problem through 
monolithic software architectures with fixed means of 
access. These make it close to impossible to include com-
pany-specific knowledge or home-grown specialist tools.  

The European process industries have therefore em-
barked on the CAPE-OPEN initiative [BJM+99, GCO00] 
in order to accomplish a standardization of simulation 
interfaces, such that a component-based approach can be 
followed. This standard has been defined at the conceptual 
level through UML models – semi-formal source models 
in the sense of the DWQ approach. At the implementation 
level, the standard is defined in both DCOM [MS00] and 
CORBA [Vin97,OMG]. In IMPROVE, we are using the 
CORBA version. Both the conceptual aspect and the tool 
service integration are illustrated below, focussing on the 
aspect of heterogeneous process simulation as an example. 

Process simulators are complex software systems de-
signed for creating mathematical models of manufacturing 
facilities for processing and/or transforming materials. 
Simulation allows the chemical engineer to interactively 
predict the behaviour of an existing or proposed chemical 
process. It enables the assessment of process alternatives 
with respect to economic, safety, and environmental per-
formance without actually building a plant, thereby reduc-
ing cost and speeding up the design phase of the plant. 
Process simulators follow different internal architectures, 
e.g. block modular systems, equation based systems and 
simultaneous modular systems. Surveys of current ap-
proaches for process modeling and simulation can be 
found in [PB94, Maq95, JM96]. 

 

)LJXUH��� CAPE-OPEN Standard Components 

As illustrated in figure 5, CAPE-OPEN has identified 
the following standard components of a process simulator 
from a conceptual point of view [CO98]: 
• 8QLW� 2SHUDWLRQ� 0RGXOHV� often just termed units, 

represent the behavior of physical process steps (e.g. a 
mixer or a reactor). They are linked to the simulation 
flowsheet which represents an abstraction of the plant 
structure. They compute the quality of a material 
stream of their outlet ports if the according informa-
tion is given at the inlet ports. The simulation models 
are assembled from predefined libraries of unit opera-
tion modules into a flowsheet which represents the 
overall plant. 

• 3K\VLFDO� 3URSHUWLHV� �7KHUPRG\QDPLFV�� 3DFNDJHV� 
An important functionality of a process simulator is its 
ability to calculate thermodynamic and physical prop-
erties of materials (e.g. density or boiling point). 
Thermodynamic packages are complex and highly op-
timized pieces of software. Typically, they consist of a 
database containing a lot of simple properties for a set 
of chemical species. Based on these such packages of-
fer FORTRAN or C programs to calculate more com-
plex properties using the properties in the database. 

• 1XPHULFDO�6ROYHUV� The mathematical process models 
of a unit operation or a complete plant are large and 
highly non-linear. An analytical solution is impossible. 
Therefore iterative, numerical approaches are used to 
either solve the equations of a single unit operation 
module or to solve the overall flowsheet. 

• 6LPXODWRU� ([HFXWLYH� This is the simulator’s core 
which controls the set-up and execution of the simula-
tion, i.e. analyzing the flowsheet and calculate the 
units. Furthermore, it is responsible for a consistent 
flowsheet set-up and error checking. 

Figure 6 shows the set-up of a prototypical CORBA-based 
CAPE-OPEN compliant simulator we built jointly with 
Aachen’s process engineering group. The distributed ob-
jects communicate via the CORBA object bus using the 
CAPE-OPEN standard interfaces. 
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)LJXUH��� CAPE-OPEN CORBA Prototype Set-Up 

Two different units are linked by a flowsheet in the 
executive component. To solve the flowsheet, i.e. run the 
simulation, the executive calls the graph analyzer (GAT) 
component to determine the order of unit calculations to 
be done. Then all unit simulation models are called in the 
order calculated by the GAT. To enable the units to calcu-
late themselves, the executive has to configure them and 
to provide  input values. It sends CORBA references for 
property packages and numerical solvers to the units 
which it has obtained from a component repository pro-
vided by the CORBA system. Now the units are ready to 
perform thermodynamic calculations (using the properties 
package) and solve their internal mathematical models.  

Before a unit actually can be calculated it has to know 
what chemical components are at its input ports. This in-
formation is also provided by the Executive by creating a 
Material Object and handing over its reference to the unit. 
The Material Object is the central mechanism of exchang-
ing complex data between the different CAPE-OPEN 
components and encapsulates all kind of chemical proper-
ties data. It is also used for data exchange to a property 
package. After the unit calculation is finished the unit cre-
ates new material objects carrying information about the 
materials at the units output ports. Then this material ob-
ject is handed over by the executive as input data for the 
next unit in the flowsheet.  

The example implies that the use of CAPE-OPEN 
components in a process data warehouse requires explicit 
representations of the material object, the units, and  the 
property packages. In section 4, we show how these com-
ponents can be conceptually embedded in our approach. 

�����$�0HWDGDWD�'ULYHQ�$UFKLWHFWXUH�

As an additional complication over the basic DWQ ap-
proach, chemical engineering tools often cover aspects 
from more than one partial model within the enterprise 
model. The mapping between logical and conceptual rep-
resentations becomes considerably more complex. It is not 
even clear whether we have a data-to-data mapping at all, 
or whether it is more appropriate to think of engineering 
tools as document-producing and document-consuming 
objects, such that process data warehousing becomes an 

issue of content extraction from document histories rather 
than a data model mapping with incremental updates.  

Indeed, traceability reference models drawn from stud-
ies in large software organizations – a vaguely similar 
domain – indicate that, when capturing an engineering 
process, we must model three main aspects [RJ00]: how 
the engineering product evolves through decisions made 
on content objects, in what media and with which persis-
tence and legal value this is documented, and what is the 
contribution structure of stakeholders and analysts who 
made the content-oriented and administrative decisions. 
The resulting highest-level meta model of a process data 
warehouse is shown in figure 7.  

&RQFHSW
6RXUFH�
'RFXPHQW

6WDNHKROGHU

documents

manageshas role
in

e.g. refine,
enrich, 
analyze

e.g. negotiate  

)LJXUH��� Meta Meta Model of  Process Data Warehouse 

Our implementation strategy foresees to integrate 
commercial tools available for data management (e.g. an 
object relational database or specialized engineering data-
bases such as Comos Pt [Inn00]), document management 
(e.g. Lotus Notes, Documentum), and trace/dependency 
management (e.g. DOORS, SLATE) with the wrapped 
and mediated tool data via a knowledge-based metadata 
repository. The implementation of this full architecture is 
still in progress. In the prototype illustrated in the next 
section, only a product database and a couple of chemical 
engineering tools have been interfaced with the metadata 
repository, while others have been emulated by putting 
example instances in the metadata repository itself. 

����$SSOLFDWLRQ�H[DPSOH�

In this section, we present an example that shows how 
the standard interfaces from CAPE-OPEN supplement the 
process data warehouse in the chemical engineering do-
main. Our prototype combines techniques for integrating 
the highly heterogeneous information sources in the appli-
cation domain with the standard interfaces for unit opera-
tions and physical properties packages. The process data 
warehouse client that operates on the prototype (called 
“cross-tool situation analysis”) uses the domain knowl-
edge captured in the meta database to give guidance to the 
chemical engineer via a process-integrated flowsheet tool  
[JLW99], by analysing the current development situation 
via  the product state of several source database or tools.  
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�����6FHQDULR�

In the early conceptual design stage a chemical engineer 
draws a flowsheet of the plant. The blocks in the flow-
sheet (called devices) represent functions, such as mixing, 
reaction or separation. These devices are then further de-
composed and realized in concrete apparatuses.  

 
Mixer CSTR Separation 

C 
C+D A+B 

A 

B D 
 

)LJXUH��� Conceptual Flowsheet of the example 

As a (very simple) example, we consider the flowsheet 
in figure 9. Two of the three devices (mixer and CSTR - 
continuous stirred tube reactor) are already given through 
unit operations that realize specific functions (mixing and 
reaction). The developer’s task is to find a suitable reali-
zation for the third device (Separation). This realization 
can range from a single device to a complex combination 
of different devices, with or without backflow into earlier 
devices. The detailed setting is: Two input streams feed an 
initial mixer. The substances A and B are fed through the 
streams into a mixing device. The mixture is then fed into 
a reactor of type CSTR. The result is the product C and 
the (unwanted) by-product D. These substances now have 
to be separated. Assume that the mixing device is com-
pletely specified. The unit to simulate the reactor is known 
(including the equations for the reaction). Now the task of 
the chemical engineer is to find a useful realization for the 
separation unit.   

The extended situation analysis function of the process 
data warehouse is able to provide some hints of which unit 
operations should be considered for this task if some of 
the properties of the reactor’s output stream (containing C 
and D) are known: temperature and pressure of the mix-
ture in the stream, the fraction of each substance in the 
stream and its boiling temperatures. 

∑ ai = ...

CORBA
Wrapper

IK
Cape

CORBA
Wrapper RDB

CORBA
Wrapper RDB

process
fragment

DB

FOLHQW
LQWHJUDWLRQ

&DOO�EDFNV

DB
trader

client
models

mediator
patterns for

materialization

analysis
and

result
patterns

3':
4XHU\�$VVLVWHQW

�-DYD�

partial
models

call back
patterns

ClientsClients Process Data WarehouseProcess Data Warehouse SourcesSources

Material Database

Flowsheet Editor

Flowsheet Editor

∑ ai = ...

CORBA
Wrapper

IK
Cape

∑ ai = ...∑ ai = ...

CORBA
Wrapper

IK
Cape

CORBA
Wrapper RDB
CORBA
Wrapper RDB

CORBA
Wrapper RDB
CORBA
Wrapper RDB

process
fragment

DB

FOLHQW
LQWHJUDWLRQ

&DOO�EDFNV

DB
trader

client
models

mediator
patterns for

materialization

analysis
and

result
patterns

3':
4XHU\�$VVLVWHQW

�-DYD�

partial
models

call back
patterns

ClientsClients Process Data WarehouseProcess Data Warehouse SourcesSources

Material Database

Flowsheet Editor

Flowsheet Editor

 

)LJXUH���� Architecture of the Process Data Warehouse 

Figure 10 describes the functionality of the cross-tool 
situation analyser of the warehouse. A client tool (here: 
the flowsheet editor) calls the PDW Query Assistant, a 
Java-based control program. The call contains an identi-
fier for the selected flowsheet element (the separation de-
vice) and an operation to be executed on the device (real-
ize). The warehouse itself contains several sub-meta data-
bases that are queried during the processing of the call: 
• &DOO�EDFN�SDWWHUQV are used to determine which addi-

tional information is needed to answer the request.  
• The '%�WUDGHU�contains information from which tool 

or database and how this information can be accessed. 
The calling client will be one of the tools that are ac-
cessed. In the example, a larger part of the flowsheet is 
needed to classify the context of the call. 

• The PHGLDWRU�SDWWHUQV� IRU�PDWHULDOL]DWLRQ are then 
used to materialise the additional data into the data 
warehouse such that they become instances of the SDU�
WLDO�PRGHOV of the data warehouse. See section 4.3 for 
details of these integration steps. 

• The DQDO\VLV�DQG�UHVXOW�SDWWHUQV are now applied to 
calculate useful results for the original query. 

• The presentation of the results is highly dependent on 
the client tool that initiated the query. The FOLHQW�
PRGHO is used to transform the result in a suitable 
form. The special process integrated features of the 
flowsheet tool can be used to directly insert a proper 
refinement of the separation into the flowsheet. Details 
on the flowsheet tool and its interaction with the proc-
ess data warehouse can be found in [JLW99]. 
These databases are not accessed sequentially but in a 

nested way so that only these information sources are ac-
cessed that are needed to answer the specific query. 

The call back queries used in these steps are not purely 
queries to source databases. For example, the needed 
simulation results of the reactor are results of an aggrega-
tion function. In this sense the results are the results of a 
(highly complex) query on the data warehouse store. As 
simulating is a time consuming and expensive task we also 
store the results in the data warehouse for reuse. To gain 
access to the units the DB trader contains meta informa-
tion about the CAPE-OPEN components. As a result of 
the usage of the CAPE-OPEN compliant units we do not 
need to handle very different simulators such as Aspen-
Plus, Pro/II or gProms but we have to create the CAPE-
OPEN objects used by units. This is especially the mate-
rial object for each substance contained in the input ports 
of the unit. The process data warehouse produces these 
CORBA objects and is then able to start the simulation of 
the unit. 

�����$SSO\LQJ�WKH�':4�DSSURDFK��

For the example application the partial models SODQW 
(for the flowsheet) and PDWHULDO�FRQFHSW (for the material 
properties) are of interest (Fig. 11 & 12, we omit most of 
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the attributes and the specializations of ProcessStep). 
The results of the simulation of the reactor have the form 
of material objects and thus refer to the material concept 
partial model. More complex simulations than those of a 
single unit would be represented in an own partial model 
for simulation results. The two partial models are con-
nected via the DEWUDFW� SODQW� PRGHO�  that states that 
Stream is an aspect of an abstract_stream and 
therefore can contain a material_concept.  The 
EER-models form a part of the conceptual enterprise 
model in figure 2. 

ProcessElement

ProcessStep ProcessPort StreamPort Stream
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)LJXUH���� The Plant Partial Model 
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)LJXUH���� The Material Concept Partial Model  

�����6RXUFH�,QWHJUDWLRQ�

The first step in integrating data sources (such as the flow-
sheet editor) into the data warehouse is to reverse engineer 
the conceptual model from the data source. As the flow-
sheet editor is not a relational database but a technical 
tool, we built a CORBA-wrapper to access its data. This 
wrapper simplifies the internal data structure used by the 
tool by suppressing some constructs only needed for im-
plementation purposes. The CORBA IDL now reflects 
some relational structure that can be reverse engineered to 
the EER diagram in figure 13. This diagram shows that 
the  data in the flowsheet editor covers (parts of) both 
partial models from figure 11 and figure 12. 
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)LJXUH���� Conceptual Model of the Flowsheet Editor 

In addition the flowsheet structure is different. There are 
no stream ports – these are important if a tool regards 
streams as decomposable objects, which the flowsheet 
editor doesn’t. The flowsheet editor simply uses tagged 
values instead of a specialization hierarchy to specify the 
type of flowsheet devices ()%:B� 3URFHVV'HYLFH). The 
domain knowledge coded into the flowsheet editor was 
intentionally kept low because of the volatility of domain 
knowledge. The conceptual model is now transformed 
into a description logic formalism [CDL+98] and enriched 
through the definition of intramodel assertions that define 
some constraints not captured by the EER diagram.  

The other information source – the physical properties 
package of the CAPE-OPEN standard – is seen as a col-
lection of PDWHULDO�REMHFWV. The EER model of that source 
consists of exactly one entity and a set of attributes.  This 
data source in special in the way that it calculates some of 
its data on demand. This fact is hidden by the wrapper! 

We specify the relations of the data sources in terms of 
adorned Datalog-like queries [CDL+99]. This step is 
needed because the mapping from the EER model to the 
relational model is ambiguous. Figure 14 shows an extract 
from the mapping of the flowsheet editor. The query for 
FBWStream_R is an example where several relationships 
and entities are mapped onto a single relational table. 
 

FBWObject_R(I,N) <- 
   FBWObject(X),Id(X,I),Name(X,N) |  
       identify([I],X), I::ObjIDs,N::ObjNames 
 
FBWPort_R(I,T) <-  
  FBW_Port(X),Id(X,I),PortType(X,T) |  
  identify([I],X), I::ObjIDs, T::PortTypes 
 
FBWProcessElement_R(I,T) <- 
  FBW_ProcessElement(X),Id(X,I), 
  ElementType(X,T) | 
  identify([I],X), I::ObjIDs,     
  T::ProcessElementTypes 
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FBWDevice_R(I) <- 
FBW_ProcessDevice(X),Id(X,I) | 
identify([I],X), I::ObjIDs 
 
FBWStream_R(I,SOURCE_PORT,SINK_PORT, 
  SOURCE_DEV,SINK_DEV) <-  
  Source(S,P1),Sink(S,P2),Out(D1,P1), 
  In(D2,P2),Id(S,I),Id(P1,SOURCE_PORT), 
  Id(P2,SINK_PORT),Id(D1,SOURCE_DEV), 
  Id(D2,SINK_DEV) 
     OR 
  Stream(S),  
  NOT Source(S,P),Sink(S,P2),In(D2,P2), 
  Id(S,I),SOURCE_PORT=NULL,Id(P2,SINK_PORT), 
  SOURCE_DEV=NULL,Id(D2,SINK_DEV) 
     OR 
  Stream(S), Source(S,P1),NOT Sink(S,P), 
  Out(D1,P1),Id(S,I),Id(P1,SOURCE_PORT), 
  SINK_PORT=NULL,Id(D1,SOURCE_DEV), 
  SINK_DEV=NULL 
     OR 
  FBW_Port(P),FBW_Port(PP),NOT Source(S,P), 
  NOT Sink(S,PP),Id(S,I),SOURCE_PORT=NULL, 
  SINK_PORT=NULL,SOURCE_DEV=NULL, 
  SINK_DEV=NULL | 
  identify([I],S), I::ObjIDs, 
  identify([SOURCE_PORT],P1), 
      SOURCE_PORT::ObjIDs, 
  identify([SINK_PORT],P2),  
      SINK_PORT::ObjIDs, 
  identify([SOURCE_DEV],D1),  
      SOURCE_DEV::ObjIDs, 
  identify([SINK_DEV],D2),  
      SINK_DEV::ObjIDs 

)LJXUH���� The logical Flowsheet Editor Model 

The same formalism is used to specify the relations of 
the data warehouse in terms of the conceptual data ware-
house model. The difference between these two steps is 
that on the source level it is a reverse engineering task, on 
the data warehouse level the relations are designed from 
the conceptual model. 

The mapping of the source model onto the data ware-
house model have to be given as  intermodel assertions on 
the conceptual part and as interschema correspondences 
on the logical part. The intermodel assertions are con-
structs similar to the intramodel assertions of the concep-
tual source model [CDL+98]. The interschema correspon-
dences build the basis for the generation of the mediators 
that actually load the data into the data warehouse. The 
correspondences in figure 15 demonstrate how the “miss-
ing” stream port of the flowsheet model can be specified. 
 
convert_1([I,SRC_P],[PID,T]) <- 
  FBW_ProcessStream(X),Id(X,I),Source(X,P), 
  Id(P,SRC_P),StreamPort(P2),Id(P2,PID), 
  T == ‘Source’ 
  THROUGH new_src(I,PID) 
 
convert_2([I,SNK_P],[PID,T]) <- 
  FBW_ProcessStream(X),Id(X,I),Sink(X,P), 
  Id(P,SNK_P),StreamPort(P2),Id(P2,PID), 
  T == ‘Sink’ 
  THROUGH new_sink(I,PID) 

)LJXUH���� Interschema Correspondences 

The small programs new_sink and new_src are 
used to create new identifiers for the relations in the data 
warehouse. They are supplemented by a code fragment 
that converts identifiers used in the source databases into 
data warehouse identifiers and makes use of a global hash 
table for the mapping. Similar rules specify how the de-
vice type coded as tagged value in the flowsheet editor is 
transferred into an instance of a subclass of Proc-
essStep (figure 11). These interschema correspon-
dences look like this: 

 
convert_reactor([I],[PID]) <- 
   FBW_ProcessDevice(X),Id(X,I),with_tag(X,T), 
   Reactor(R),Id(R,PID), Tag(T,‘Type’), 
   Value(X,‘Reactor’) 
   THROUGH convert_device([I],[PID]) 

 
This correspondence is accompanied by an intermodel 

assertion that states that process devices of the flowsheet 
editor can be transformed into a reactor.  

Mediators that load the data instances into the data 
warehouse can now be generated using the data recon-
ciliation too [CDL+99].  So the mediators are constructed 
from small, partly reusable software constructs, combined 
with declarative specification of the tools and its models.  

����&RQFOXVLRQV�

The move from business data warehouses to process data 
warehouses mirrors the historical development of opera-
tional databases in the 70s and 80s. Early databases, 
evolving around the relational model, focused on business 
applications. A few years later object-oriented databases 
came up mostly as a proposal to handle engineering data. 
Nowadays, semi-structured data models á la XML provide 
a complementary source of technologies which, also in 
our context, is becoming important for document analysis 
and distributed information delivery. We hope to profit 
from work such as [GSN99] on the generation of XML 
wrappers for a wide range of media which may appear as 
interfaces to process engineering tools. 

Summarizing the experiences so far, the concept-
centred approach to data warehouse design proposed in 
projects such as Information Manifold and DWQ appears 
even more important in the process engineering context. 
This is due to the greater syntactic variations of engineer-
ing tools which can only be bridged by semantic modeling 
approaches with strong formal support. This conceptual 
modeling approach also enabled us to make operational an 
extensible body of method knowledge. In the past such 
growing knowledge either had to remain in the heads of 
engineers, or led to an growing complexity and unmain-
tainable engineering tools. Domain standards such as 
CAPE-OPEN emerge as an indispensible prerequisite for 
our approach which assumes open tool interaction, with 
much of the changing body of knowledge captured in the 
process data warehouse and its metadata repository. 
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As discussed earlier, the network of tools we have 
linked to our PDW prototype is still limited in comparison 
to the richness of chemical engineering reality. Moreover, 
the number of experimental uses is far too small to see 
whether case-based method reuse (quite successful in the 
mechanical service domain) has a real future here. How-
ever, it is encouraging to see that one of the largest chemi-
cal engineering departments worldwide is indeed setting 
up a major PDW according to a simplified version of our 
approach, albeit only for the product perspective. In order 
to include the process aspect, and to broaden the scope of 
PDW usability beyond the initial engineering process, a 
key research challenge will be to understand the interplay 
between a document-oriented management view of proc-
ess engineering and plant administration, and the concept-
oriented database-like approach pursued in this work. 
�
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