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In the today’s constellation of globally operating enterprises, the workforce is locally decentralized. Engineering
tasks are increasingly divided up under several work groups that are situated at different premises. Information
technology is used to coordinate the collaboration and to merge the results. Due to its versatility and adaptability,
the cooperation on the Internet becomes increasingly important. One key issue in this development is the
placement of applications in the Internet (cloud computing). Another important issue is the centralized access of
cooperative results. Such centralized information may be stored in internet-based knowledge databases. With
regard to the above developments, it seems to make sense to have a modelling environment working as a web
application connected to a model database. Such a modelling environment should be linked to a strong numeric
library, which should contain reliable and very performing algorithms for solving ordinary differential equation
(ODE) systems and differential and algebraic equation (DAE) systems. Structural informations like the sparsity
pattern and the structure of the Jacobians should be automatically recognized to automatically select the best set
of algorithms to integrate the differential system. By the help of these measures the computational time should
be reduced significantly. In this contribution the MOSAIC modelling environment and the BzzMath library are
presented and some main characteristics are described.

1. INTRODUCTION

Usually both the modelling software and the software to access company-wide shared databases are installed on
the local computer. In the modelling environment MOSAIC (Kuntsche et al., 2009) both these software parts are
integrated in one web application. Web applications and cloud computing have several organizational and
economic advantages, cf. Linthicum (2009). With respect to modelling, the focus of MOSAIC lies on the
creation and shared (re)use of customized models for process systems engineering. The modelling is done in the
documentation level and code generation is used to create program code that is suitable for the environment the
modeller needs. A considerable improvement of the workflow could be achieved by using the BzzMath numeric
library (Buzzi-Ferraris, 2010a) to solve the models on the server. The BzzMath Library is a comprehensive tool
covering several fields of numerical analysis. For the specific case of interest, it includes a set of algorithms to
integrate differential and differential-algebraic systems particularly efficient according to their stiffness,
dimension, sparsity, and Jacobian structure, if any.

1.1 The literature aspect of documentation-level-modelling
One aspect of modelling in the documentation level is the orientation to the representation of equations in papers

or documents for reference and communication. In such documents the equations are very often represented in
two-dimensional symbolic form and the variable names follow a certain systematic, e.g. a letter 'x' on the base
line might stand for molar fraction and the superscript letters L' and 'V' adjoined to a given 'x' specify if the
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variable is a liquid or a vapour molar fraction. This technique is widely used in the documentation of models
since it allows for short formulations and clearly understandable variable names. Usually the meaning of the
symbols is explained in a separate section that can be called 'notation' or 'nomenclature'. This 'notation' section is
especially important since different naming conventions exist, e.g. with X' and 'y' for liquid and vapour molar
fraction respectively. In MOSAIC the modelling is done in the spirit of this situation by three peculiarities: First
the equations are entered in two-dimensional symbolic form. Second the variable names may contain
superscripted and subscripted symbols (countable subscripted symbols represent indices). Third the ‘notation’ is
introduced as a mandatory model element that works as distinguishing property during reuse, gives guidance
during modelling, and complements the documentation output. The first of the above items is well established
(cf. Kajler and Soiffer, 1998) especially but not only in algebra tools. The second item is rarely provided and the
third item is not at all considered in the current standards. The definition of equation systems using the above
documentation-based approaches has the advantage that it is both computer-processable and human-readable
with a very small visual and conceptual offset between published and implemented model equations. This does
not only reduce the introduction of errors and the effort of error finding during the implementation. It also allows
the generation of documentation in no time, since all necessary information is already contained in the model.

1.2 Reuse aspects in MOSAIC

In computer science, the reuse of code is an appropriate way to reduce the implementation time and to take
advantage of already invested time in debugging with the hope of a more reliable program. The beneficial effects
of reusing model parts are well known and are discussed e.g. by Eggersmann et al. (2004). Modeling errors are
most likely reduced and the new model can easily be created by adding new components to the existing system.
A more intense reusage of equation systems minimizes the number of multiple and redundant implemented
systems. This is inversely proportional to the degree of reusability. If more equation systems and models are
reused, the quantity of redundant work is reduced. The reuse of equation systems and the thereby achieved
minimization are the basis for a better maintenance of a model. Corrections and important changes which are
done in an equation system, are immediately applied to all derived systems and models who make use of it.
Modelling in the documentation level as it is done in MOSAIC has several reuse aspects. The first of these reuse
aspects is that equations and equation systems are created only once and then used to produce program code in
several languages. Thus, program code can be produced in the language that is needed by the modeller. Creating
the models in a meta level (such as the documentation level) in combination with adaptable code generation
allows the reuse of equations, and even large equation systems in different languages and for different purposes.
The second aspect of reuse is the modular and repeated use of the created model elements (such as equations,
equation systems and notations) in many different contexts. The modelling concept in MOSAIC is based on
creating modular model elements that are individually stored in XML files. For example, each equation is stored
in a separate XML file. An equation system is also stored in a separate XML file and contains references to the
files containing the equations that should be used. Another class of such model elements is the notation. Both
equations and equation systems must reference the XML file of the notation that shall be used to explain the
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Fig. 1: Modular modelling and reuse in MOSAIC.
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Fig. 2: Reuse and connection of the modelling elements

contained symbols. Each equation or equation system can be (re)used in other equation systems, as shown in Fig.
1. If the notation in one of the connected element is different, a connector is used to translate single, or even all
variables. It is important to mention, that the connection is not done with addition equations. Instead, the
variables are replaced with the new naming and thereby the equation system does not have to grow
unnecessarily. Variables, which are not translated can be kept in their own name space. As can be seen in Fig. 2,
in this way, they are strictly isolated from other equation systems where the variable is maybe used with another
intention and meaning. The variable x is kept with its own name space el. It is clearly isolated from the second x
with another meaning. The variable z has the same meaning in both equation system and is matched with the aid
of the connector.

The equations and equation systems only contain the mathematical structure and the names of the variables used.
The values and the classification of the variables into design values and calculated values are of course case-
specific and therefore not contained in the equation system. Such information is contained in other modular
model elements that are not further covered here. Of course having to create every model element individually
takes more time in the short term. However, the resulting high modularity, which notably supports the reuse
model elements, has proven to speed up the modelling in the long term.

1.3 Analysis of the model structure in MOSAIC
MOSAIC determines and presents the Jacobians incidence matrix as can be seen in Fig. 3. In contrast to most

other simulation programs, the user has an open and direct access to the structure information. With the
interactive interface, the relationships and dependencies of the different equations can be explored. The selected
point in Fig. 3 for example is the mass holdup of component 2:
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Fig. 3: Incidence matrix in MOSAIC

The incidence matrix is resorted into a block triangular form as described in Duff, 1977 and with this
information, it can be possible to decompose the equation systems in various sub problems which can be solved
one after another (Barton, 2000). The motivation is to support faster and more robust solution algorithms, which
are implemented in the BzzMath library and can be directly called from MOSAIC.

1.4 Derivative generation in the documentation level

By exploiting the tool independency given by modelling in the documentation level, not only the model equation
themselves but also their respective derivative information can be generated automatically in a format fulfilling
the needs of specific solvers or numerical libraries.

It is well known that derivative information plays a major role in the solution of model equations appearing in
engineering (Tolsma and Barton, 1998). Typical problems like the solution of nonlinear equation systems
(NLEs), the integration of dynamic systems described by stiff ODEs or DAESs, or the solution of optimization
problems do not only require derivative information of first and perhaps higher-order but also benefit from its
efficient evaluation. General experiences with numerical computing environments like MATLAB and solvers
offering the possibility to incorporate derivative information show that an efficient numerical solution in terms
of reduced CPU times and better convergence behavior is often related to an exact and efficient evaluation of
derivatives.

The efficiency of derivative evaluation depends strongly on the methods applied, which are normally either finite
differences (FD), symbolic derivatives (SD) or automatic differentiation (AD). Although in principle, the code
generation capabilities of MOSAIC can be used to generate derivatives with FD and AD compatible code for
some specific packages, for the sake of generality, the tool independent XML representation of the symbolic
expressions is exploited to generate tool independent derivative information. This is done by the appliance of
SD. As described in the literature (Pantelides, 1988) symbolic derivatives are obtained by applying the
differentiation rules to a tree representation of an equation. Within MOSAIC this tree results from the analysis of
the XML representation of an equation. For instance, the tree representation of the equation
20%% _ (4 4 glm (x)) is given by Fig. 4. Since the application of symbolic derivatives to the XML meta-level

expressions results in a further XML meta-level expression of the derivative, this can not only be used directly
for code generation but also be further analyzed in order to calculate higher-order derivatives.
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Fig. 4: MOSAIC’s internal tree representation of equation

Currently the generation of symbolic derivatives is implemented for the generation of full Jacobians required for
the solution of NLEs with the GNU Scientific Library and for full or sparse Jacobians applied for the solution of
NLEs and DAEs with MATLAB. By putting together the derivative information along with the model structure
information obtained by MOSAIC and the structure dependent algorithms available in the BzzMath Library a
higher solution efficiency on the server could be achieved.

2. THE BZZMATH NUMERIC LIBRARY

The BzzMath numerical library is currently used in MOSAIC to solve nonlinear algebraic equation systems and
differential algebraic equation systems. Comprehensible output is generated that allows assessing the
convergence quality and the reliability of the results and the library has proven to be robust and to provide
reliable results not only on these topics. It provides algorithms and methods to tackle problems of different
nature. To do so, the library has a very performing kernel for linear algebra (Buzzi-Ferraris, 2010b) that “cannot
be overstated in modern scientific computing” (Gill et al., 1991). The library is not only predisposed to solve
linear systems, but even to automatically adopt the most performing algorithm in accordance with the type of
system to be solved. Being thought in an object-oriented way, objects belonging to BzzMath can easily identify
and, if possible, exploit matrix sparsity and structure of linear systems and openMP directives for shared
memory machines, which results in a considerable gain of performance (Buzzi-Ferraris and Manenti, 2010a).
The library includes specific algorithms and criteria for parameter estimations, outlier detections, rival model
discriminations, and design of experiments based on very robust algorithms to solve linear and nonlinear
regression problems (Buzzi-Ferraris and Manenti, 2010b). The same algorithms allow identifying with a certain
accuracy the existence of common problems in the regression field such as masking/swamping effects,
heteroscedasticity, multicollinearity, parameter correlations, gross errors, and influential observation. A
methodology to discriminate among rival models and, at the same time, to define the optimal design of
experiment is implemented in BzzMath, even accounting for the correct meanings of statistical tests and
confidence regions (Buzzi-Ferraris and Manenti, 2009, 2010c). Numerically robust and efficient algorithms are
implemented to tackle nonlinear systems and optimization problems. Optimizers are validated by the field in
many industrial applications such as the online plant optimization of an oil refinery sulphur recovery unit (Signor
et al., 2010) and the real-time dynamic optimization of a large-scale polymer plant (Manenti and Rovaglio,
2008). In addition, certain ad hoc solvers to tackle partially structured DAE systems, which are typical for
process control and process systems engineering, have been recently introduced in the library and their superior
performances have been validated on industrial cases (Manenti et al., 2009). In this context and looking forward
to future developments, we plan to extend MOSAIC so that it is possible to describe optimization and parameter
estimation problems. The BzzMath library offers the corresponding numerical algorithms and is thus predestined
as standard background environment for calculations on the modelling server.
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Apart from that it would fit well into the cloud computing concept of MOSAIC that the used numerical
environment is capable of parallel computing. The perspectives of parallel programming have been motivated by
Buzzi-Ferraris (2010b). With respect to dividing up computational burden on network computers, such
approaches are very promising and the web-based MOSAIC could be one of the first environments that
constantly makes use of such techniques.

3. EXAMPLE

The model of a distillation column has been created in MOSAIC. The equation system that was assembled from
single reusable equations is presented in the MOSAIC user interface as shown in Fig. 5. The proximity to the
presentation in the literature is obvious.
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Fig. 5: Equation as it is represented in MOSAIC

To further demonstrate the aspects of program code generation and documentation output, the equation of the
phase equilibrium (3) is included as an equation object below. Usually MathType (www.dessci.com/mathtype)
would have been used to create the formula within the Microsoft Word document. However, equation (3) has
just been copied as a latex string out of MOSAIC and directly pasted into MathType, which resulted without
further modifications into the expression displayed here.
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The inverse process would also work. More precisely it would be possible to change the formula in MathType,
obtain a latex string and hand it over to MOSAIC. The formula expression can be used directly if all contained
symbols are described be the specified notation and if the expression follows the MOSAIC convention for
mathematic expressions. Due to the indices ‘i’ and ‘j° contained in (3) the equation is translated into many
instances. The C++ code for the instance ‘i=1" and ‘j=1" is shown here:

f115] = 0.0-(e0_y_j1_il-(e0_p_LV_o_jl_il)/(e0_P_j1)*e0_x_j1_il); @)

The full generated code contains solver calls and file output specifications. It can be executed on the server upon
a button click in the MOSAIC user interface. The results for nonlinear algebraic system are presented in a table.

molar fraction of light component
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Fig. 6: Plot of results obtained by BzzMath Library with code generated by MOSAIC
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The plot of the results obtained by the BzzMath library for the above example is given in Fig. 6.
4. CONCLUSION AND FUTURE RESEARCH

It is today almost impossible to write about modeling in CAPE without mentioning the great efforts and results
for standardization and global reuse of simulation software (Yang et al. 2008) and the corresponding
fundaments, the CAPE-OPEN standard (www.colan.org) and ontologies.

Modeling in the documentation level has the essential premises (i) to contain all information and (ii) to present
the information in a form that is well readable for humans. Accordingly it seems to be obvious that the use of
CAPE-OPEN interfaces should not happen implicitly but should be clearly visible in the documentation level.
Thus, all aspects of CAPE-OPEN must be reflected as standard elements in the used documentation language or
data format. For MOSAIC this means the reflection into the XML model specification, the user interface and the
code generation module.

MOSAIC is a domain specific code generator and thus, its main output is modeling programs, which can be used
as independent and executable software parts. If the latter also implement the CAPE-OPEN interface (see above)
then they can be classified, registered and reused as agent within multi-agent projects. Another interesting
potential would be the export of the pure equation systems (Gruber and Olsen 1994). However, up to the current
state of development MOSAIC is left intentionally independent of ontological concepts. The introduction of
such concepts is desirable in the long term.
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assistance features and allowed code generation for the two tools gPROMS and Speedup. Westerweele and
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