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Abstract. To reduce the integration and test effort for high-tech multi-disciplinary systems, we are
developing a method called model-based integration and testing. The method allows integration of models of
not yet realized components (e.g. mechanics, electronics, software) with available realizations of other
components. The combination of models and realizations is then used for early system analysis by means of
validation, verification, and testing. The analysis enables early detection and prevention of problems that would
otherwise occur during real integration, resulting in a significant reduction of effort invested in the real
integration and testing phases. This paper concerns the application of the method to a relevant industrial case
study, involving several model-based analysis techniques that support in clarifying, evaluating, and improving
integrated system and component designs, and in evaluating and improving candidate test cases. The models
developed allow early prediction of integration and test problems, and the same models help in finding and
fixing the root cause of such problems. The case study results contribute to the effort reduction for integration
and testing, and encourage further research on the model-based integration and testing method.
INTRODUCTION
High-tech multi-disciplinary systems like wafer scanners, electronic microscopes and high-speed printers are
becoming more complex every day. These systems consist of numerous hardware (e.g. optics, mechanics,
electronics) and software components, connected through many interfaces. Furthermore, these systems have to
meet the strict quality requirements set by the customer, in market conditions where lead time (in the context of
time to market) is critical. The growing system complexity also increases the effort (in terms of lead time, costs,
and resources) needed for the, so-called, integration and testing phases. During these phases, the system is
realized by combining component realizations (implementations) and, subsequently, tested against the system
requirements.
In current industrial practice, the system complexity problem is usually tackled by using a system development
process with a ‘divide and conquer’ strategy, in which the system is decomposed into smaller components that
are separately developed. In most cases, integration and testing are incremental processes that run in parallel
with the development of the system components. Soon after the realization of a component becomes available, it
is integrated with already assembled components of the system. Each integration increment is followed by
corresponding testing. System integration and testing should be completed before the date of the system
shipment agreed with the customer. Existing industrial practice shows that the main effort of system
development is shifting from the design and implementation phases to the system integration and testing phases
(Bratthall et al. 2000). Furthermore, finding and fixing problems during integration and testing can be up to 100
times more expensive than finding and fixing the problems during the requirements and design phases (Boehm
and Basili 2001). In order to limit this trend of increasing integration and test effort, research is required that
allows earlier and cheaper finding and fixing of integration problems (Prins 2004).
Improving the total system development process is the subject of systems engineering research (INCOSE 2004).
While lots of the research in this area is focused on improving the requirements, the design and the
implementation phases of system development, less attention is paid to the integration and test phases. In most
cases, systems engineering research describes procedures and guidelines for system development, in which
documentation is used for keeping track of and communicating about the system requirements and design.
Unfortunately, documentation is often ambiguous and incomplete and the dynamic system behavior cannot be
easily expressed in it. While using a document-based approach might help to improve the integration and test
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phases, documentation can not be used to replace component realizations for early integration with other
components. This means that the integration and test phases still require that the component realizations are
available, and therefore these phases remain in their critical position.
An emerging alternative to using documents in the systems development process is to use computer models to
represent the system components, and to use a range of model-based techniques and tools to support the system
development process. There is a wealth of research relating to model-based techniques that aim at countering the
increase of system development effort, like requirements modeling (Broy and Slotosch 2001), model-based
design (Gomaa 2000, Liu et al. 2003), model-based code generation (Budinsky et al. 1996), and hardwaresoftware co-simulation (Rowson 1994). In most cases, however, these model-based techniques are investigated
in isolation, and little work is reported on combining these techniques into an overall method. Although modelbased systems engineering (Ogren 2000) and OMG’s model-driven architecture (Kleppe et al. 2003) (for
software only systems) are such overall model-based methods, these methods mainly focus on the requirements,
design, and implementation phases, rather than on the integration and test phases (which also holds for the
research in document-based systems engineering). Furthermore, literature barely mentions realistic industrial
applications of such methods, at least not for high-tech multi-disciplinary systems.
Our research within the TANGRAM project (TANGRAM 2003) focuses on a method of model-based
integration and testing (MBI&T for short), introduced in (Braspenning et al. 2006), in which model-based
techniques are used to reduce the effort of integration and testing. In this method, executable models of system
components that are not yet physically realized or implemented in software are integrated with available
realizations and implementations of other components, establishing a model-based integrated system. Such
integration is used for early model-based systems analysis and integration testing, which has three main
advantages. First, the fact that it takes place earlier means that the integration and test effort is distributed over a
wider time frame, which in turn reduces the effort to be invested during the real integration and testing phases.
Secondly, it allows earlier (and thus cheaper) detection and prevention of problems that would otherwise occur
during real integration, which also increases system quality at an earlier stage. Finally, the use of (formal)
models enables the application of powerful (formal) model-based analysis techniques, like simulation for
performance analysis and verification for proving correctness of a system model. These model-based analysis
techniques help in clarifying and improving the decomposition of the system requirements and system design
into the requirements and designs of the system components. While the former are usually clear and certain, the
latter are often based on assumptions and difficult to formulate. Model-based analysis improves the insight into
this system decomposition, which is beneficial for the quality of the system realization.
In this paper, we present the MBI&T method and we instantiate it for two different system views: concurrent
discrete-event system behavior and continuous-time and discrete-time system behavior. We also give a practical
illustration of the application of the method to a realistic industrial case study concerning the ASML wafer
scanner (ASML 2006). In the case study, the focus is on model-based analysis that supports integration and
testing of system realizations. Using comprehensive models of the system components, we illustrate the analysis
of the integrated system behavior, and the early prediction of problems that are encountered during the real
integration phase. Furthermore, we illustrate how the models were used for early validation/falsification of test
cases, for diagnosing the root cause of a test case failure, and for design of better alternatives to the tests that
were falsified.
The structure of the paper is as follows. First, the system development process currently used in industrial
practice is described in the next section. Subsequently, the MBI&T method is presented and instantiated for
different system views in the third section. The application and results of the method in the case study are
described in the fourth section. Finally, the conclusions are drawn and discussed in the last section.
CURRENT SYSTEM DEVELOPMENT
In current industrial practice, the system development process is subdivided into multiple concurrent component
development processes. Subsequently, the resulting components are integrated into the system. The
development process of a component Ci consists of a requirements definition phase, a design phase, and a
realization phase. Each of these three phases results in a different representation form of the component, namely
the requirements, the design, and the realization of the component, denoted here as Ri, Di, and Zi, respectively.
In the development process of a system S that consists of multiple components, for instance two components C1
and C2, the system requirements and system design, denoted here as R and D, respectively, precede the
development processes of each of the components. The realization of system S is the result of the integration of
realizations Z1 and Z2 of components C1 and C2. This integration is denoted as {Z1, I12, Z2}, where I12 denotes the
infrastructure connecting Z1 and Z2. Figure 1 shows a graphical representation of the development process of
system S.
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Figure 1. Current system development process
In this way of working, only two types of system level analysis can be applied. On the one hand, the consistency
between requirements and designs on the component level and on the system level can be checked, e.g. R1, R2
versus R and D1, D2 versus D, which usually boils down to reviewing lots of documents. On the other hand, the
integrated system realization, e.g. {Z1, I12, Z2}, can be tested against the system requirements, R, which requires
that all components are realized and integrated. This requirement that all components need to be realized and
integrated means that when problems occur and need to be fixed, the effort invested in the integration and test
phases immediately increases, directly threatening on-time system shipment.
For the development of high-tech multi-disciplinary systems such as the wafer scanners from ASML, the
complex and multi-disciplinary nature of these systems obstructs specification of complete sets of requirements
at each abstraction level (system, subsystem, unit). Completeness of requirements is especially difficult to
achieve if emerging and not yet mature technologies have to be introduced in the system for the first time,
because of limited experience with these technologies. Practice shows that obtaining detailed sets of
requirements at the beginning of system development is a process which costs time, effort and money.
Manufacturers of high-tech systems with time-driven business models, such as ASML, cannot wait until the
process of completing the requirements is finished. In fact, they deliberately start designing even if some
specifications are not yet known. During the design, realization, and integration phases, their understanding of
the system improves, which helps to specify the requirements that are still missing. The testing phase already
starts before the majority of the requirements are known, and, moreover, some specifications do not become
clear until some tests are executed on the system that is integrated. One can observe a paradox in the fact that
the testing can run even when not all requirements are known, while, by definition, testing should validate
whether the requirements are met by the system or not. In practice, this paradox is resolved by engineers who,
based on previous experiences, analogies, and engineering intuition, suggest test cases even for parts of the
system that are not yet sufficiently covered by the requirements. For instance, a new design is analyzed at a
brainstorm session of engineers trying to identify critical parts of the design and anticipate possible integration
problems originating in these parts. Based on such an analysis, engineers give priority to test cases they assume
capable of validating/falsifying consequences of anticipated integration problems. Practice shows that some of
these test cases appear to be quite successful for the validation of the desired system operation at the system
level and for clarifying some of the requirements that are still missing. Other test cases, however, yield little
information and, as such, can be characterized as unfortunate waste of time, money and resources.
MODEL-BASED INTEGRATION AND TESTING
In (Braspenning et al. 2006), we introduced a method of model-based integration and testing to reduce the
integration and test effort, which is an important aspect of the development effort. In this MBI&T method,
depicted in Figure 2, the designs of the components (e.g. mechanics, electronics, software) are represented by
executable models, denoted here as Mi for a component Ci. The infrastructure I12 allows the integration of
components C1 and C2, both represented by either a model or a realization, such that all possible combinations
of models and realizations can be integrated. Note that with code generation, the realization of a software
component, Zi, could also be based on its model Mi.
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Figure 2. System development process in the MBI&T method
Several model-based techniques can be applied to analyze of the integrated system model, i.e. {M1, I12, M2}.
First, model validation by means of simulation can be used to inspect the behavior of certain traces of the
system model. The simulation results can be compared with the intended system design D, and checked against
properties derived from the system requirements R and the system design D (for single traces only, so not
proving the property for the complete system). In order to prove the correctness of a system model in general,
verification (e.g. model checking) can be used, in which the validity of a given property (derived from the
system requirements R and system design D) for a given model of a system can be proven automatically.
Analysis by validation and verification helps in evaluating and improving the correctness of the decomposition
of the requirements and design of the system into the requirements and designs of the components.
Furthermore, test case simulation (i.e. simulation of the execution of test cases on models) enables the
evaluation of whether certain test cases will produce the desired and expected test results when the test cases are
executed during the real integration and test phases. These test cases include those derived from the system
requirements, R, as well as test cases for requirements clarification and completion as discussed in the previous
paragraph. With test case simulation, candidate test cases can be falsified when they do not produce the desired
results or further improved in order to optimize the quality of the test results.
Finally, when model-based system analysis as described above has shown correctness of the system model, a
model of a component can be used for both model-based component testing and for model-based integration
testing. Model-based component testing involves automatic testing of the realization of a component against a
model of the same component, and uses techniques and tools from model-based testing research (Brinksma and
Tretmans 2001) for automatic generation of tests from the model and automatic execution of these tests on the
realization. Model-based integration testing means that integrations of models and realizations are tested against
the system requirements R and the system design D, i.e. without the necessity that all component realizations are
available. As models are usually available earlier than realizations, testing on the system level can start earlier,
and system integration problems can be detected and prevented earlier, which both contribute to a reduction of
the effort invested during real integration and testing.
The procedure for the MBI&T method is as follows:
1.

Modeling of components, e.g. M1 and M2, based on their designs D1 and D2.

2.

Simulation, verification, and test case simulation using the model-based integrated system with models
only, e.g. {M1, I12, M2}.

3.

As soon as the realization of each component becomes available:

4.

a.

Replacement of model by realization, e.g. M2 by Z2, using an infrastructure that enables the
integration with the other components.

b.

Model-based testing of component realization with respect to model, e.g. Z2 with respect to
M2, using model-based testing techniques and tools.

c.

Model-based integration testing of combined models and realizations, e.g. {M1, I12, Z2}.

After all models have been substituted by realizations: integration testing of the complete system
realization, e.g. {Z1, I12, Z2}.

In principle, the MBI&T method could support system development in any industry that has a separate
development process for the (multi-disciplinary) system components, and for which it is difficult to perform
thorough analysis on the system level without having a realized and integrated system available. To be able to
use the MBI&T method in practice, however, the method needs to be instantiated with paradigms, techniques,

Close

and tools for all system views that are taken into consideration. The applicability of the method to a certain
industrial system and its development process depends on the availability of appropriate paradigms, techniques,
and tools for the system views that are important for the particular system and development process.
As mentioned in the previous paragraph, the MBI&T method has to be instantiated with appropriate paradigms,
techniques, and tools. A paradigm is a way of thinking and reasoning about a system view, for which techniques
(e.g. mathematical modeling formalism and analysis techniques) are needed that allow the specification and
analysis of the system view according to the paradigm. To be useful in practice, the techniques should be
implemented in modeling and analysis tools. The applicable analysis techniques for a system view depend on
the paradigm, techniques and tools chosen to model that system view. For example, to be able to perform system
analysis by means of verification, several requirements need to be satisfied. First, mathematical techniques are
required to derive and analyze all possible behaviors (i.e. the state space) of a model. Secondly, the properties to
be verified must be specified in some mathematical form (e.g. in a temporal logic). Finally, a tool should be
available for efficient verification of these properties over the complete state space.
For the ASML case study considered in this paper, two views on the system under investigation are important.
The first one, the concurrent discrete-event system view, is used for model-based analysis of concurrent
behavior of all involved processes, in order to validate and verify whether the order of events and
communication actions is correct for the whole system of processes. Furthermore, this analysis should ensure
that the data handling of the system is correct, i.e. all data needed for each process is available and correct data
is created by each process. The second system view, the continuous-time and discrete-time system view, deals
with model-based analysis and prediction of an emergent system property: system performance. The analysis is
focused on the system component which is the most critical for meeting the performance requirements.
Performance analysis is facilitated by comprehensive kinematical, continuous-time, and discrete-time dynamic
modeling of the critical system component, under the assumption that the event and communication order, as
well as the data handling of the system, are found to be correct based on analysis of the first system view.
For the concurrent discrete-event system view, the paradigm of concurrent processes that communicate data is
used. For static data modeling, graphical modeling techniques well known from structural system analysis
(Whitten et al. 2001) are used, like Entity Relationship Diagrams (ERD) and Data Flow Diagrams (DFD). Many
graphical drawing tools (e.g. the tools in the INCOSE Systems Architecture Tools Survey (INCOSE Tools
Database Working Group 2006) and Microsoft Visio (Microsoft Corporation 2006)) support the design of
logical ERD and DFD models, and many languages and tools like C (Kernighan and Ritchie 1988), Python
(Python Software Foundation 2006), and Matlab (The Mathworks 2006) are suitable for implementation of the
physical data models. Static data analysis is performed by checking certain rules of thumb for ERD and DFD
models, and by using additional analysis techniques like Create-Read-Update-Delete (CRUD) tables (Politano
2001). The concurrent processes that communicate data are expressed in a timed process algebra called χ
(Baeten and Weijland 1990, van Beek et al. 2005). For each component, the internal behavior of the process
(assignments, guarded alternatives, guarded repetitions, delays) and the external communication of data with
other processes (sending, receiving) are modeled. Subsequently, the integrated system is modeled as the parallel
composition of all component processes, connected by communication channels. For analysis of such a system
model, the χ toolset contains a simulator and back ends to the formal verification tools Spin, Uppaal, and μCRL
(Bortnik et al. 2005). A tool called TorX (Tretmans and Brinksma 2003) is used for model-based component
testing, which can also be applied in combination with χ models of a system (Braspenning et al. 2006).
For the continuous-time and discrete-time system view, the paradigms used are kinematics and dynamics. The
mathematical techniques used for modeling include algebraic, differential and difference equations,
homogeneous coordinates and transforms, transfer functions based on Laplace and Z transforms, state space
models, and frequency response functions (Franklin et al. 2001). For analytical and graphical analysis and
prediction of the system performance in the time domain or in the frequency domain, many techniques can be
applied. These techniques include analytical techniques like sensitivity functions for a feedback control system
and Laplace theorems on the initial/terminal values of a transfer function response (Franklin et al. 2001), signal
processing techniques like Fast Fourier Transform and coherence functions (Pintelon and Schoukens 2001), and
simulation techniques to determine responses to certain inputs. The common modeling and analysis tool for this
system view is Matlab/Simulink (The Mathworks 2006) with the corresponding toolboxes.
CASE STUDY: LEVELING SUBSYSTEM OF AN ASML WAFER SCANNER
The MBI&T method, instantiated for the two system views as described in the previous section, has been
applied to a realistic industrial case study from ASML, the industrial partner of the TANGRAM project. ASML
is the world's leading provider of lithography systems for the semiconductor industry, manufacturing complex
machines that are critical to the production of integrated circuits or chips. It is a medium sized company (around
5000 employees) with a large research and development department, which has the challenging task of
developing and integrating leading edge technologies from many disciplines (optics, mechanics, electronics,
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motion control, software) into one system. The system development process of ASML is very time-driven;
providing customers with leading edge lithography systems that are production-ready at the earliest possible
date is critical in this area of semiconductor equipment.
In an ASML wafer scanner, laser light transfers a lithographic image (a pattern corresponding to one layer of a
chip) onto the surface of a silicon wafer. This light passes through a lens that shrinks the pattern image before it
is projected onto the wafer. The leveling function is responsible for keeping the wafer surface, which is not
perfectly flat on the micrometer scale, in focus of the lens during exposure. Keeping the wafer surface in focus
is achieved by the a priori measurement of the wafer topology using an appropriate leveling sensor and
subsequent correction by wafer movements in accordance to the calculated height compensation during
exposure. Currently, a new sensor for the leveling function is being developed to improve the accuracy of the
leveling subsystem. Figure 3 schematically shows the leveling subsystem of the wafer scanner with all
components mentioned above.
control
software
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laser light
measured
wafer
topology

pattern

lens
leveling
sensor
wafer
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exposure

Figure 3. Leveling subsystem with involved components
In the case study, we apply the MBI&T method and accompanying techniques and tools to the integration of the
new sensor into the existing leveling subsystem. Note that the activities in this case study do not cover the
complete MBI&T method, we particularly give a practical illustration of steps 1 and 2 of the procedure
described in Section 3, involving early evaluation of the system design by model-based analysis techniques. We
also demonstrate model-based support to the real integration and testing in step 4 of the procedure, by
evaluating and improving candidate test cases and by helping in the uncovering of integration problems. Since
the focus in this case study is on model-based techniques that consider only models, activities in the context of
step 3 (where both models and realizations are used for early analysis) were not covered. However, activities in
the context of step 3 were successfully applied in other ASML case studies, in which the capability of detecting
and preventing design and integration errors at an early stage has been shown. Case study results for modelbased component testing (step 3b) have been reported in (Braspenning et al. 2006), while case study results for
model-based integration testing will be reported in the future.
As mentioned in the previous section, two views on the leveling subsystem are considered in the case study: the
concurrent discrete-event system view and the continuous-time and discrete-time system view. The case study
activities for the first system view involve modeling and static/dynamic analysis of the data and the processes
involved in the complete leveling subsystem, corresponding to steps 1 and 2 of the MBI&T method:
Activity I. Modeling of all data involved in the leveling subsystem and static analysis of the logical data model.
Activity II. Modeling of the processes involved in the leveling subsystem (including a physical version of the
data model from activity I), dynamical simulation, and verification of the system of concurrent processes.
While activities I and II cover the complete subsystem (using a rather high-level and abstract model of the data
and processes), the case study activities for the second system view involve lower level and more detailed
modeling and analysis (again corresponding to steps 1 and 2 of the MBI&T method). The activities cover only
the leveling subsystem components that are critical for the emergent system property, the leveling performance.
Besides using the models for early model-based analysis of the system design, they are also used to support the
real integration and testing phases, corresponding to step 4 of the MBI&T method:
Activity III. Detailed modeling and model-based performance analysis of the critical leveling subsystem
components, and test case simulation using this more detailed model.
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Activity IV. Supporting the real integration and test phases with model-based generated test cases and modelbased support to uncover integration problems. Note that this test case generation and diagnosis are model-based
but not automatic, although other research within the TANGRAM project addresses these topics (Braspenning et
al. 2006, Pietersma et al. 2004).
In the leveling subsystem, different disciplines and technologies coincide: physics, mechanics, electronics,
computer hardware, software, etc. Intrinsic heterogeneity complicates detailed understanding of this subsystem,
especially during the development of new system generations that introduce the latest technologies influencing
the leveling function. Each cutting edge technology may feature phenomena that are not yet thoroughly
explained. Moreover, combining heterogeneous technologies induces unintended coupling effects that cannot
easily be anticipated, while these effects may have a serious impact on the requirements at the system level. Due
to uncertainties intrinsic to the latest technologies as used in ASML systems, problems may arise during the
integration and testing phases and system tests may fail because of faults whose existence has not been foreseen
during the system development. For instance, the sources and mechanisms of some faults are not known, the
integration of some components does not operate according to performance and reliability requirements, or
unintended couplings of unknown underlying mechanisms are not predicted in advance.
On the one hand, remedies for the given problems can be found in pragmatic solutions: for instance, installing
additional shields to isolate magnetic and thermal interferences, or applying empirically determined inputs for
drift and offsets correction. Engineering practice has invented a rich toolset of such pragmatic solutions that
cover a wide range of problems. Once they realize that a problem encountered during integration and testing
allows a solution from the given toolset, engineers apply this solution as the most straightforward remedy they
have at that moment. However, one should be aware that pragmatic solutions do not eliminate the problem’s
cause but only deal with its consequences. Since these solutions do not require a deep understanding of the
problem’s origins, they cannot prevent the reappearance of similar problems in future system releases,
especially since these solutions are tuned for given operational conditions and are hardly effective if operational
conditions are changed. Limited generality of pragmatic remedies prevents their direct reuse in different system
releases. Their implementation always requires extra time, resources, and effort for customization and
adaptation to new circumstances and operating points.
On the other hand, problems encountered during the integration and testing can be tackled by getting a more
detailed understanding of the problem cause. Once the cause has been identified, design of appropriate remedy
should become more straightforward. Also, knowing the cause helps preventing it in new system designs. This
systematic and theoretically grounded approach requires extra effort in system modeling, analysis, simulation,
and experimentation during the system development processes preceding the integration and testing. However,
this extra effort can be more than compensated for by the advantages of faster, cheaper, and higher quality
accomplishment of the integration and testing phases.
An example of the difference between this pragmatic and systematic approach to integration and test problems
was experienced in activity IV of the case study. The four case study activities mentioned above are discussed in
more detail in the following.
Activity I: data modeling and analysis. This activity corresponds to steps 1 and 2 of the MBI&T method for
only the data part of the concurrent discrete-event system view. In order to create a data model of the leveling
subsystem, the requirements and design documentation of the leveling subsystem, corresponding to R and D in
Figures 1 and 2, were examined. A general description of the leveling function is given below, where the data
entities are in italics:
– A lot (a job definition for a wafer scanner) consists of multiple wafers with a wafer id and one wafer has
multiple wafer fields with each a field id and field position.
– A field id of a wafer field corresponds to a certain type of field (as defined in the lot), which has a certain field
size.
– For the leveling function, a wafer map of a wafer (the measured topology of the complete wafer) needs to be
created, which consists of multiple stroke maps (the measured topology of a part (stroke) of the wafer)
containing the measured height data of each stroke.
– A stroke has a stroke id and is defined by a begin point and an end point.
– Finally, the height compensation, required for the exposure of a wafer, is calculated from the wafer map of
that wafer.
These entities and their relations were modeled (corresponding to step 1 of the MBI&T method) in an entity
relationship diagram (drawn in Microsoft Visio using an appropriate template), as shown in Figure 4.
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Figure 4. Entity relationship diagram of leveling subsystem
In the investigated system requirements and design documentation, no information could be found about which
components are responsible for the handling of the data, for instance which component combines the stroke
maps into a complete wafer map. This responsibility and the decomposition into processes and components was
found in other, lower level documentation, corresponding to Ri and Di in Figures 1 and 2. In this documentation,
the functionality, behavior, and interfaces are defined for the following leveling subsystem components:
U The user, which provides the lot definition to the main controller
C The main controller, which controls all activities needed to process (measure and expose) the wafers of the lot
definition provided by the user
RC The routing controller, which calculates all routings needed in the wafer scanner, e.g. strokes for topology
measurement
MC The measurement controller, which controls all activities needed for the measurement of a wafer
EC The exposure controller, which controls all activities needed for the exposure of a wafer
LS The leveling sensor, which measures the height of the wafer surface
From this system decomposition and these component definitions, a process layout and a data flow diagram
were also modeled in Microsoft Visio using appropriate templates. The process layout in Figure 5 shows the
processes (circles) of the leveling subsystem and the interfaces (arrows) between the processes. The data flow
diagram in Figure 6 shows all transformations (circles) on all data entities (arrows), as performed by one of the
processes (indicated by the process name in front of each transformation). Note that the two data flows marked
with a star, the ‘stroke’ data flow from RC to MC and the ‘wafer map’ data flow from MC to EC, pass through
the main controller C. Furthermore, note that in both figures the creation and storage of virtual wafer data by
main controller C is also depicted, which is not the case in the real system (in which the real wafer ‘contains’ the
wafer data, and the leveling sensor LS ‘reads’ the wafer data from the real wafer). This virtual wafer data is
added to the figures in order to let them correspond to activity II of the case study, where the virtual wafer data
is used in system modeling and analysis.
Although the documentation that served as a basis for modeling was scattered, not complete, and contained
several ambiguities, the activity of modeling the design described in these documents helps to clarify the design
and indicates incompleteness and ambiguity issues. For example, we found that issues encountered during
modeling (e.g. behavior that was difficult to model) were generally related to issues in the design as well. In this
manner, valuable feedback from the modeling activities was provided to the involved engineers, and the quality
of the documentation (and, accordingly, the model) was improved regarding completeness and ambiguity issues.
Furthermore, by explaining and discussing the model with the involved engineers, the correctness of the model
was validated against their ‘mental model’ of the system.
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Figure 6. Data flow diagram of the leveling subsystem
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Corresponding to step 2 of the MBI&T method, the resulting entity relationship diagram, process layout, and
data flow diagram were used for analysis of the system behavior. In general, the models help in clarifying the
system behavior and give a better system overview when compared to the textual descriptions in the
documentation, which is often not very well structured and therefore difficult to extract the system overview
from. Static analysis of the diagrams shows that the necessary data entities are defined with clear relations
between them, and that the process decomposition and interface definitions of all components are clear as well.
Another static analysis technique that was used in the case study is a Create-Read- Update-Delete (CRUD)
table, showing which components (in the rows) create, read, update, and delete the data entities (in the
columns). The CRUD table for the leveling subsystem is shown in Table 1.
Table 1. CRUD-table for analysis of interaction between processes and data
Component

Entity
Lot

Wafer

Field

Lot_data

U

CUD

CUD

CUD

CUD

C

R

RC

R
R

wafer_data

stroke

stroke_map

Wafer_map

D

R

R

CU

CUD

R

CU

MC
EC
LS

height_comp

RD
R

RD

C

CU

Analysis of the CRUD table was done by checking certain rules of thumb that should be satisfied by a CRUD
table (Politano 2001):
– There should be at least one Create for each data entity (data population)
– There should be at least one Delete for each data entity (data necessity)
– Each process should interact with at least one data entity (system granularity/completeness)
– Each data entity should interact with at least one system (process decomposition completeness)
– Multiple Creates for a data entity are not preferred (data quality)
– All Creates should be related to Reads and most entities should have at least one Create and more than one
Read
– Grouping of data and processes indicate clusters in the system
The CRUD table in Table 1 satisfies these rules of thumb with one exception: the height compensation entity
has no Read action, which is obvious because the usage of this entity (i.e. in the exposure process of the wafer
scanner) is outside the scope of this subsystem. In the CRUD table, a cluster can be identified for the U, C, and
RC processes, which handle the lot, wafer, and field entities. Besides checking these rules of thumb, a design
decision was identified regarding the responsibility of calculating the height compensation for exposure from a
measured wafer map. After process C receives the measured wafer map from process MC, it can either send the
wafer map to process EC, which should then calculate the height compensation, or it can calculate the height
compensation itself and send the results to process EC. In the leveling subsystem design, the second alternative
was chosen, which is preferred because the main controller C is responsible for control tasks only, and the
amount of calculation tasks should be minimized.
Summarizing the results of this activity, we can say that the ERD and DFD data modeling techniques used are
well suited for modeling the system view considered, and that the static analysis techniques are capable of
providing more insight into the data responsibilities of all system processes, compared to a textual description
used in the documents. The resulting CRUD table can be used to check certain rules of thumb that possibly
indicate design incompleteness and integration problems. Furthermore, the CRUD table supports in the
identification of possible design alternatives regarding the data handling of the involved processes.
Nevertheless, these analysis techniques are not capable of showing the dynamic behavior of the system, e.g. the
ordering of events and communication actions. Modeling and analysis of the dynamic behavior of the leveling
subsystem is covered in activity II of the case study.
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Activity II: process modeling and analysis. This activity again corresponds to steps 1 and 2 of the MBI&T
method, but now includes both the data and the process part of the concurrent discrete-event system view, in
order to analyze the leveling subsystem for its dynamic behavior. The processes and data communications of
Figure 6 were modeled in χ. For the underlying physical data model of Figure 4, some Matlab functions were
included in the χ processes. Each χ process, described below, corresponds to a model Mi in Figure 2.
The User process U, which should provide the main controller with a lot definition, includes a Matlab function
developed by ASML to create data structures that contain a lot with wafers and field definitions. The resulting
Matlab data structures are converted into equivalent χ data structures. The same Matlab function also creates a
virtual topology for each wafer according to the wafer and field definition. Using a virtual topology is sufficient
for the model-based systems analysis in this case study activity, as the focus here is on the order of events and
communication actions and on the correct data handling of all processes, and not on the correctness of the data
itself (which is modeled and analyzed more extensively in activity III and IV of the case study).
The behaviors of the other processes, C, RC, MC, EC, and LS are modeled according to the requirements and
design documentation of these components and can be described as follows (corresponding to the data flow
diagram in Figure 6). After receiving a lot definition from process U, main controller process C subsequently
stores the virtual wafer height data of the current wafer in the data store (to be used by process LS) and sends
each wafer definition and the field definitions from the lot definition to routing controller process RC. Process
RC uses these wafer and field definitions to calculate the stroke to be measured. The calculated strokes are sent
through C to the measurement control process MC, which commands the leveling sensor LS to measure one
stroke at a time. The leveling sensor measurements are based on the virtual wafer topology data in the data store.
All measured stroke maps are concatenated by MC into a wafer map, which is returned to C. Note that the
calculation of the height compensation from the wafer map is not modeled here, because it does not add much
value to the model-based system analysis (under the assumption that when the wafer map is available, the height
compensation can be calculated) and because the quite complex mathematics are not suited for the virtual wafer
topology as generated by the Matlab function.
The integrated system model is obtained by parallel composition of all χ processes. Here, the parallel
composition operator plays the role of infrastructure I (corresponding to Figure 2) that couples the modeled χ
processes. Corresponding to step 2 of the MBI&T method, the behavior of this model-based integrated system is
used for model-based systems analysis by means of simulation and verification.
Several simulation experiments were performed, where a lot with wafers is subsequently measured by the
leveling sensor and the resulting wafer maps are received by C. All experiments showed a correct order of
events and communication actions of the processes, resulting in an actual wafer map, indicating that the data
handling of the processes is correct as well. Closer inspection of the wafer map (using visualizations similar to
Figure 7 in activity III of the case study) shows that the strokes are correctly generated (concerning width,
length, and measurement positions) and the sensor measurements are performed at the correct locations.
Unfortunately, verification of the leveling subsystem model was impossible due to the data complexity in the
model. The verification tools for which translation schemes from χ have been developed, Spin, Uppaal, μCRL
(Bortnik et al. 2005), only support simple and limited data structures and cannot handle the complex data
structures that are used in the process model. For the same reason, these verification tools are generally not
suited to verify the correctness of calculations on complex data structures. By applying sufficient abstractions
from the complex data in the model, model verification might become applicable in order to verify whether all
possible execution sequences of the abstract model are correct. However this was not further investigated in the
case study, because the data abstractions require quite some effort and because the sequence in the model is
rather fixed and can also be examined by sufficient simulation of the original model with the complex data
structures.
Summarizing the results of this activity, we can say that the model-based way of working gives a good system
overview and steers the engineer towards more accurate specifications, which in turn helps in the correction of
inadequate requirements and in the capturing and clarification of requirements that were not known or unclear at
the beginning of system development. Furthermore, static and dynamic analysis of the integrated system model
provides support in evaluating design alternatives and allows early validation of the correctness of the data
structure, data flow and data handling by all components of the system.
Since the model-based systems analysis in activities I and II of the case study, focusing on the system view of
concurrent discrete-event behavior, has shown that the main system design was correct, there was no direct
reduction of integration and test effort. This is mainly due to the fact that the considered part of the leveling
subsystem is rather well-known and mature. Nevertheless, the applicability of early model-based systems
analysis without the need for a system realization was shown. Furthermore, these case study activities show the
potential value of the MBI&T method in the case that errors had been found during the model-based systems
analysis.

Close

In activities III and IV of the case study, another system view on the leveling subsystem regarding the
continuous-time and discrete-time system behavior was considered. Based on the results of the first two case
study activities that showed correctness of the event and communication order and the data handling of the
system, we now focus only on the system component that is most critical for the system performance, the new
leveling sensor. Since this new sensor was still under development at the time of the case study activities, it
provides a better context for showing the potential value of the MBI&T method, when compared to the part of
the leveling subsystem considered in activities I and II.
Activity III: performance modeling and analysis. Similar to activities I and II, this activity corresponds to
steps 1 and 2 of the MBI&T method, but now the modeling and analysis is focused on the second system view
of continuous-time and discrete-time behavior. As mentioned earlier in this section, the case study considered
deals with integration of the new leveling sensor which should increase accuracy of the leveling function. This
accuracy represents the emergent performance characteristics of the leveling subsystem. In the case study, both
pragmatic and systematic approaches to the development and integration of the new sensor were pursued in
order to confront the advantages and the disadvantages of these approaches. To facilitate early assessment of the
emergent property of the leveling function, comprehensive modeling of the new sensor was carried out. This
modeling also covered elements of the leveling subsystem that have the most critical influence on the emergent
performance property. On the one hand, the modeling was based on the sensor manufacturer’s documentation
and inputs from engineers who are responsible for the sensor’s design and development. On the other, the
modeling was based on the leveling documentation and inputs from engineers who are responsible for the
leveling function. In the following paragraphs, all elements that were modeled are discussed in more detail: the
leveling sensor, the wafer topology, the sensor output, the motion control, and finally the analog-digital filters.
The leveling sensor was modeled as a product of a static spatial sensitivity function and of a dynamic sensor’s
sensitivity. The sensor measures the average height of the wafer surface within the narrow spot which is directly
below the sensor. The spot size is designed to be small enough to accommodate the required accuracy of the
height measurements. The static sensitivity is represented by a scalar algebraic function of several position
coordinates. The dynamic sensitivity is modeled with a continuous-time transfer function in order to facilitate
application of different Matlab tools for dynamic system analysis.
The sensor model processes topology of the wafer surface within the encompassed spot. Wafer topology can be
modeled using matrices that represent Cartesian coordinates of points on the wafer surface and surface heights
at these points. For illustration, Figure 7 shows a field on a simulated surface which contains a sharp step in
heights. The surfaces at lower and higher heights qualitatively reflect realistic wafer topologies. With proper
tuning of matrix data, roughness of the modeled surfaces can also quantitatively describe realistic wafer
topologies.

Figure 7. Topology of a field on wafer surface
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The output of the sensor model is determined as a convolution of the sensor sensitivity function (product of
static and dynamic sensitivities) and of the wafer surface topology encompassed by the spot lying below the
sensor. As the sensor measures wafer surface heights in the so-called scanning mode, i.e., while the wafer is
moving with respect to the sensor, kinematics of wafer movements should be modeled as well. These
movements are in general performed in six dimensional space: three Cartesian angles and three rotations.
Conceptual kinematic setting for a wafer field and the sensor during the scanning is shown in Figure 8. Here,
three coordinate frames are presented: of a wafer (blue), a reference coordinate system (red), and of the sensor
(green). Transformations of Cartesian and angular coordinates among these frames are performed using
homogenous coordinates and transforms (Fu et al. 1987). The scanning process was visualized by means of
Matlab animations (Figure 8 is actually a snapshot of one such animation).

Figure 8. Kinematics of scanning a field on wafer surface
In a wafer scanner, movements of the wafer are achieved by means of an appropriate motion platform. This
platform is a robotic mechanism in which motions are feedback controlled using advanced control laws.
Because of the digital implementation, the control laws were modeled using difference equations. For
convenience, these equations have subsequently been transformed into discrete-time transfer functions and statespace models. Similar mathematical formalisms (difference equations, discrete-time transfer functions and statespace models) were used for modeling dynamics of the motion platform. For illustration, Figure 9 shows a
Simulink block diagram used for simulation of feedback controlled dynamics of the motion platform along one
Cartesian axis of a wafer. Such a simulation enables analysis of the motion control performance (accuracy of
wafer movements) in the time domain. The transfer functions of motion platform dynamics and of feedback
controllers were used for analysis of control designs in the frequency domain (Franklin et al. 2001), for instance
stability assessment based on locations of closed-loop poles, performance prediction by analysis of Bode plots
of the open-loop gain, of the closed-loop sensitivity function, and of the closed-loop complementary sensitivity
function.
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Figure 9. Simulation of feedback motion control in Simulink
The real sensor generates analog electrical signal proportional to the scanned wafer topology. This signal is
digitalized via analog to digital conversion and then processed to filter out the measurement noise and to align
the sensor readings with other data relevant to the leveling function. Signal processing is performed in software
by a sequence of digital filtering operations. All filtering operations were modeled using difference equations,
and these equations complete the set of models needed for performance analysis and prediction in our case
study.
All derived models were implemented and integrated in Matlab and Simulink for the prediction and analysis of
the sensor performance in the time domain. The integrated models were validated by simulating the behavior of
the sensor for several typical wafer topologies, with expected results for the predicted sensor output signals. For
illustration, Figure 10 shows typical plots generated by execution of the model. The plots on the left hand side
present the scanned topography of a wafer surface and the analog sensor readings rendered by the model. The
plots on the right hand side present the model-based predictions of outcomes of two signal processing steps to
be performed in the software. Given plots reveal finite bandwidth of the sensor (low pass filtering
characteristics), since its accuracy in measuring wafer topology variations is reduced as the frequency of these
variations increases. The integrated models are configurable, i.e., the model allows for variations of wafer
topology, scanning velocity, feedback control design, signal processing algorithms, etc. Configurable models
facilitate analysis of how different behavioral aspects (e.g. kinematics, wafer topology, control design, filter
design) influence the accuracy of the sensor readings, and consequently the leveling performance. Such modelbased analysis has shown to be especially valuable for prediction of the leveling performance of the realized
integrated system and for selection of test cases to be executed during the real testing phase.
Another effective usage of the Matlab/Simulink model of the leveling sensor lies in the testing of the leveling
software, which was modeled in the first system view. Currently, testing the quality of the leveling software
(e.g. the correctness of the wafer map and height compensation calculations) can be performed both offline and
online. Offline testing means that the software is tested outside the wafer scanner, e.g. on a desktop system,
using artificial sensor values, which has the disadvantage that the level of realism of the artificial sensor values
(especially for any wafer topology) is unsatisfactory. Online testing, on the other hand, means that the leveling
software runs on a wafer scanner and that custom made wafers with specific wafer topologies have to be
measured by a real leveling sensor. The disadvantages of this test method are that a wafer scanner with a
realized and integrated leveling sensor and the custom made wafers must be available, that the available
machine time for testing is limited and very expensive, and that not only performing the tests but also setting up
the wafer scanner for the tests can be very time consuming. The Matlab/Simulink model developed in this case
study activity can be used for more extensive and more realistic offline testing of the leveling software, since the
model can generate realistic sensor values for any virtual wafer topology, without the need for the expensive
machine time used for setting up and performing the tests. The developers of the leveling software are actually
using the leveling sensor model for this purpose, saving valuable machine time and costs.
Summarizing this step of the case study, we explained all aspects involved in the integrated leveling sensor
model. The Matlab/Simulink model was validated by typical behavior simulation experiments and found to
behave as expected. Now the model is available and validated, it can be used for several model-based analysis
and testing techniques to support real integration and testing, as explained in activity IV of the case study.
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Figure 10. Model-based prediction of sensor performance: left - scanned surface topology
(blue) and sensor model output (green); right - results of different filtering steps (points and
circles)
Activity IV: model-based support to real integration and testing. This activity involves step 4 of the MBI&T
method in the sense that we provide model-based support to the real integration and testing of the new leveling
sensor. Our hypothesis is that model-based analysis can help in the selection of appropriate test cases in the
presence of uncertainties in the behavior of an integrated system. To validate or falsify this hypothesis, in our
case study we used the systematic model-based approach for test selection as an alternative to the pragmatic and
experience-based way of engineers in industry. In this subsection, we show the illustrative results of confronting
these two reasonings: systematic versus pragmatic.
The model of the new leveling sensor, as mentioned in the previous subsection, contains two components: static
and dynamic sensitivity functions. One of the objectives of our case study is to obtain physical values of
parameters of these functions. These parameters belong to the group of the system specifications that are not
known during the system development, but are supposed to be determined during the phase of testing on the
integrated system. Actually, these parameters are needed to enable model-based prediction and analysis of the
leveling performance. To capture model parameters, suitable test cases need to be derived.
Here we report the derivation of the test cases for estimation of the dynamic sensitivity function. Describing a
dynamical process, this function can be estimated by measuring the frequency response function (FRF) of the
sensor (Franklin et al. 2001). The FRF measurements are standard in system identification theory. They are
carried out by proper excitation of the dynamic process and by measuring the corresponding response of the
process. The excitation is appropriate if it is rich in frequencies of interest for identification, i.e., its frequency
content spans the frequency spectrum within which the dynamical process needs to be identified. The FRF of
the dynamical system is computed based on the applied excitation input and the observed response data using
algorithms reported in, e.g., (Pintelon and Schoukens 2001).
To perform the FRF measurements, documentation written by industrial engineers suggested a test case based
on scanning a test wafer with a chirp-like surface profile. Such a profile is similar to the scanned surface
topology shown by the blue plot on the right hand side of Figure 10. The given suggestion was based on
common experience in system identification, since chirp-like excitation is often used for identification of
dynamical processes (Franklin et al. 2001). To evaluate effectiveness of the test case with the chirp-like
excitation, this test case was simulated on the model-based integrated system described in the previous
subsection. As in the model-based integrated system, parameters of the sensor model are not known exactly,
these parameters were assigned values based on some early design data. There was no guarantee that the design
data coincide with parameters of the realized system.
Spectral contents of the excitation and response data obtained during model-based simulation of the
pragmatically formulated test case are shown on the left hand side of Figure 11. In particular, the blue plot
presents the power spectrum density (PSD) (Pintelon and Schoukens 2001) of the simulated scanned chirp-like
surface topology, which has the role of excitation input for the FRF identification. The red plot is the PSD of the
simulated sensor response based only on the static sensitivity function. Finally, the green plot is the PSD of the
simulated sensor response based on both the static and dynamic sensitivity functions. By inspection of the given
plots, one may observe that the static sensitivity acts as a low pass filter and itself contributes to the processing
of the excitation data. The actual response, i.e., the green line, is thus the result of signal processing performed
by both sensitivity functions. If such a test were applied on the real system, and the observed excitation and the
measured sensor response were used to compute the FRF, then the determined FRF would incorporate both the
static and dynamic sensor behaviors since the measured response is the result of both sensor behaviors. In other
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words, the determined FRF would deviate from the one of the dynamic sensitivity function. If industrial
practitioners working on this identification experiment were not aware of the described consequences of the
pragmatically formulated test case, then they would apparently incorrectly identify the sensor’s dynamic
sensitivity. If they were aware, then they might try to compensate for the contribution of the static sensitivity
function. For this it is necessary to know the static sensitivity exactly. Moreover, the static sensitivity itself has
low pass filtering characteristics, which limits the frequency spectrum within which the FRF of the dynamic
sensitivity can be identified. Hence, knowing the static sensitivity is not sufficient for the identification of the
desired FRF in the wider frequency range. Consequently, the performed model-based test case simulation has
shown that the test case suggested based on the pragmatic reasoning was not as effective (informative) as the
engineers wanted, which in turn falsifies this test case. As a result of this falsification, the test case considered
was removed from the test set to be executed on the system realization, saving valuable test time.

Power spectrum density

Power spectrum density

The available model-based integrated system enabled us to determine a more effective test case. Such a test case
is the one which decouples influences of the static and dynamic sensitivities. This can be achieved if the sensor
measures distance to a flat field on a test wafer, while the wafer is vibrating in the direction orthogonal to the
field. Since the wafer field is flat, simulated sensor output based on the static sensitivity is only identical to the
actual distance between the sensor and the field, which in turn decouples the influence of the static sensitivity
function from identification of FRF of the dynamic sensitivity. Having the role of excitation input, vibrations of
the field should be in the reach of frequencies that are of interest for identification. This can be achieved by
injecting the noise after the controller in the feedback loop responsible for wafer movements orthogonal to the
flat field. Such a noise injection is used in the Simulink block diagram shown in Figure 9. Since the influence of
the static sensitivity is decoupled, the sensor response is only due to the dynamic sensor sensitivity. Spectral
contents of excitation and response data obtained during model-based evaluation of this alternative test case are
shown on the right hand side of Figure 11. As expected, PSDs of the simulated excitation (blue) and of the
response that is based on the static sensitivity only (red) are identical, and their plots cannot be distinguished
from each other. Consequently, the frequency content of the simulated response (green) that is based on both the
static and dynamic sensitivities depends only on the frequency content of the excitation. The FRF of the sensor
dynamic sensitivity function can accurately be identified based on excitation and response data obtained using
the suggested alternative test case. This test case to capture the unknown system requirements was designed
based on systematic model-based analysis, which provided a better result than the dominantly utilized pragmatic
approach. Execution of the alternative test case on the system realization indeed proved to be successful in
identifying the required FRF.

Frequency

Frequency

Figure 11. Frequency contents of excitation (blue) and response signals (red is based on
static sensitivity only; green is based on both static and dynamics sensitivities) in test cases
suggested based on: left - pragmatic reasoning, right - systematic reasoning
The systematic approach has shown advantages with respect to the pragmatic one regarding several more
aspects in the considered case study. One of them was discovering the non-minimum phase behavior (Franklin
et al. 2001) in the sensor dynamics after integration of the realized sensor in the leveling subsystem. The
realized sensor has featured minimum phase behavior when tested in isolation. A change from minimum to nonminimum phase behavior has consequences for the sensor performance, i.e., for the accuracy of measuring the
wafer topology. With the pragmatic way of working, it would be difficult to explain the cause of performance
differences before and after integration. The systematic model-based analysis, however, has directly identified
the non-minimum phase behavior as the cause of this difference.
The experience gathered in the considered industrial case study shows that the MBI&T method indeed improves
the integration and testing phases of system development. The model-based analysis can falsify inadequate test
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cases and help determining more appropriate test alternatives, before the actual testing takes place. By early
problem prevention, real testing can be accomplished with less effort. The systematic model-based approach can
support real integration by faster uncovering the problems hidden in the integrated system.
Although it is very difficult to give a quantification of the actual reduction of the integration and test effort in
the case study, we give, as an example, an indication of the time and cost savings for the FRF identification as
discussed in activity IV of the case study and shown in Figure 10. In the current, pragmatic way of working, the
only way to perform FRF identification would be to perform measurements on a wafer scanner equipped with a
real sensor, using custom made wafers that contain a wafer topology suitable for the FRF identification (e.g. a
chirp-like surface profile similar to the blue plot on right hand side of Figure 10). From testing experience, it is
known that before a test on the machine can actually be performed, it takes quite some effort to setup the
machine and to create the right conditions to perform the test. Furthermore, test results need to be analyzed and
perhaps tests need to be repeated to get more confidence in the quality of the test results. Altogether, we
estimate that performing the FRF identification at the machine would cost three to four hours of machine and
clean room time, which is very expensive time. In the model-based way of working, a virtual wafer topology
with the same chirp-like surface profile is used as input for the level sensor model. Setup time and execution
time for the simulation of the model are in the order of minutes. Including the analysis of the simulation results
and several repetitions of the simulation experiments, the FRF identification was completed in half an hour on a
regular desktop system. Compared to the three to four hours of expensive machine and clean room time in the
pragmatic way of working, the half hour of much cheaper desktop time clearly shows the time and cost
reduction of the model-based way of working.
CONCLUSIONS
In this paper, the presented MBI&T method has been instantiated with paradigms, techniques, and tools for
modeling and analysis of two system views: concurrent discrete-event system behavior and continuous-time and
discrete-time system behavior. The instantiated method has practically been illustrated in a realistic industrial
case study in order to show how a model-based way of working and model-based analysis techniques supports
the integration and testing of an industrial system.
In the case study, the model-based way of working provided a better system overview and helped in clarifying
and improving the component and system specifications, and consequently component and system quality. The
availability of models enables powerful model-based analysis techniques that can be used as a support in
evaluation of design alternatives and early validation and falsification of the correctness of the design. When
applicable, model verification is able to prove the correctness of the system design. However, further
improvements regarding complex data structures are needed to make model verification applicable for data
intensive systems.
In the case study, inefficiencies of the standard, pragmatic way of working were revealed concerning the late
finding and fixing of possible integration problems, implying an increased effort invested in the integration and
test phases compared to the MBI&T method. The model-based way of working showed to be capable of
predicting possible threats to the integration and testing by analyzing and subsequently falsifying inadequate test
cases suggested based on pragmatic reasoning, saving valuable test time. Moreover, the systematic model-based
approach provided a means to derive and analyze alternative and more effective test cases. Finally, model-based
analysis assisted in the identification of the root cause of other integration problems, which reduces effort
invested on fault diagnosis and fixing.
In the TANGRAM project, the MBI&T method has been successfully applied to several case studies in the
domain of ASML wafer scanners. However, the method can be applied to any industry that has a separate
development process for the (multi-disciplinary) system components and for which it is difficult to perform
thorough analysis on the system level without having a realized and integrated system available. The
prerequisite for a practical application of the method is that it needs to be instantiated with appropriate
paradigms, techniques, and tools for the system views that are taken into consideration.
Even without a complete instantiation of the method, a systematic way of thinking and creating models of a
system under investigation helps in clarifying the system behavior, in getting a better and more complete
overview of the system, and in capturing, correcting, and improving requirements and design issues that were
unknown at the start of the development of the system. Furthermore, it indicates incompleteness and ambiguity
issues in the requirements and design documentation that are used as a starting point for modeling. However, the
main advantage of the model-based way of working is that once a model of the system is available, many
powerful model-based analysis techniques become applicable for a thorough system analysis by means of
validation, verification, and testing, without the need for a completely realized and integrated system.
A risk in the method is that the investments in modeling are larger than the effort reduction achieved by it,
which can be prevented by an appropriate risk assessment of applying a certain MBI&T method instantiation to
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a certain system. Risk assessment and choosing which components to integrate and test in which order and with
which test method are important aspects of the overall integration and test strategy for a system, which is also a
research area of the TANGRAM project (Boumen et al. 2006, de Jong et al. 2006).
The MBI&T method seems to be more effective for new, unknown systems that still have to be developed (e.g.
the new leveling sensor in activities III and IV of the case study), rather than a well-known and mature system
(e.g. the leveling subsystem software in activities I and II of the case study), at least for the model-based
systems analysis part of the method. However, the part of the method that has not been addressed in this paper,
the model-based integration testing part (step 3 of the method), may still be useful in systems of which some
components are well-known and mature. For example, models may serve as a cheap and configurable test
environment for acceptance testing or robustness testing of the realizations of the mature components, or models
of alternative designs for a new component can be used for early integration testing of the system extended with
the new component.
The objective of our model-based integration and testing research is to reduce effort invested in integration and
testing of high-tech multi-disciplinary systems, while maintaining system quality. The results in this paper do
contribute to this reduction, however it is expected that a more significant effort reduction can be achieved by
early integration of models with realizations and by testing such model-based integrated systems. An example of
this model-based integration testing is the integration of the leveling sensor model presented in this paper with
the real leveling software, in which the leveling sensor model sends the predicted sensor signals for a virtual
wafer topology to the leveling software for further calculations. This model-based integrated system is currently
used by the leveling software developers to test the leveling software for a wide range of (virtual) wafer
topologies at their desk, without the need for expensive machine time and custom made wafers that contain the
specific wafer topologies. This integration of models and realizations and further improvements to the MBI&T
method and its techniques and tools are the subject of our current work and will be reported in the future.
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