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Abstract

A formal development approach is required for high-quality development
of safety critical systems. In order to make the formal development process
more feasible, tool support is needed. Furthermore, integrating visualization
means to the process makes it easier to communicate the model and to ob-
serve its behavior at an early development stage. These efforts are, however,
not always enough to make the formal development process feasible for in-
dustrial use. Therefore, to make the process smoother and more flexible for
industrial applications, it also needs to be parallelized. In this report we give
an overview of the state-of-the-art of formal specification languages that are
used in industrial settings. Tools supporting these methods in combination
with different visualization means to facilitate the formal development are
also presented. Parallelizing the formal development process by dividing a
model into multiple abstractions that capture different aspects of the model
is suggested as an approach to make the process more flexible.
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1 Introduction

Different approaches have been proposed for verification from the primitive
way of proving the system manually by pen and paper to a more compre-
hensive approach of using a framework for supporting the formal languages
and proofs. The behavior of a software system cannot be captured by a
unique mathematical theory. Similar to the programming languages that
were designed for different purposes, various formal languages and tools
were developed for different kinds of systems. Our vision in this survey
is not to discover a perfect tool for formal methods, but to compare the
features of existing tools with respect to different application areas and de-
velopment from specification to implementation. By discovering tools for
visualising the formal development process we aim at facilitating the for-
mal development process. Since UML [12] is widely accepted in industry
for designing systems, we study the previous attempts on the integration of
UML and formal methods to get an overview of the strengths and weak-
nesses of the previous approaches. We will suggest a novel design approach
as an improvement of the formal development. Formalizing the specifica-
tion of the system allows a correct-by-construction design, while animating
the specification lets the users observe the behavior of a system at an early
development stage.

Different specification languages are available in terms of the character-
istic of the system. We are mainly interested in formalisms that have been
applied in industry. We focus mainly on model-based specifications, where
the system can be described by a set of states and a finite number of state
transitions that can be applied non-deterministically for each state. The
B-Method [5] as well as VDM [10] and Z [36] are of our prime interest and
are three specification languages based on the set theory. Alloy [25] can also
be mentioned extending a declarative language similar to Z for providing a
fully automatic analyzer. Modeling languages for real-time systems, such as
UPPAAL [8, 9], are used for formalizing the systems that must fulfill one or
more physical properties, e.g., time, temperature or altitude.

One approach of constructing the implementation from specification is
refinement where a program is constructed stepwise, starting from an ab-
stract model while each step preserves the correctness of the previous ones.
The refinement approach can be seen as a software development process
which simplifies the system specification and reduces the proof complexity
of proof tools. If program A is refined by program B, then every behavior
accepted by B should be accepted by A as well. The refinement in VDM,
Z and B is based on the posit-and-prove approach that lets the user define
his or her own refinement and then use proof tools to check the correctness
of the refinement. Since the refined models are tightly dependent on the
more abstract models, a mistake in one level can cause an inconsistency in
the whole model. Hence, tools supporting the refinement process are vital
for the system development. Moreover, studies have been performed to give
guidance and to assist the refinement process [23].

1



In this paper we mainly focus on VDM, Z as well as B, and describe how
they are integrated with design means to improve the software development.
This survey is aimed at giving an overview of formal method techniques and
point out how they could be more tightly connected to software development
in industry.

2 Formal specification languages

In this section, we give an overview of the state-of-the-art specification lan-
guages that have been used in industry to some extent.

VDM (Vienna Development Method) [10] is a specification language for
modeling real-time and concurrent systems. VDM-SL [35], the basic form of
VDM, supports modeling of software systems by defining an abstract model
and then deriving a more concrete model which is close to implementation
including states and a set of operation which are defined as pre- and postcon-
ditions. VDM++ [17] is an extension on VDM-SL to support specification
of object-oriented models and concurrent extension. As an example of in-
dustrial use of VDM, we can mention the secure smart cards. The structure
of VDM is heavily keyword oriented.

Z [36] is a formal specification language based on Zermelo-Fraenkel set
theory and the first order predicate logic. In contrast to the keyword ori-
entation in VDM, Z uses boxes and schemas for a better demonstration of
the specification. Common criticism against Z includes the syntax which is
not close to the programming languages and hence not executable. Later,
ZRC [14] was defined as a theory of refinement for Z to support well-defined
formal techniques for developing programs.

Refinement from abstract level to implementation is a main key also in
the B-Method [5][1]. The B-Method is a formal language for specifying soft-
ware systems. One of the well-known industrial uses of the B-Method is the
braking system for the Paris metro. The B-Method is one of the few formal
methods that covers all stages of software development, from requirements
(specification) and design (refinement) to implementation and code genera-
tion. The method uses abstract machines including states and operations.
Moreover, it supports code generation to the languages C, Java and Ada.
Event-B [4][2] was designed based on the B-Method to allow development
of distributed systems. Operations were substituted by events that have
no parameters. At most one event is executed non-deterministically at a
time. The refinement in Event-B is more flexible compared to classical B, Z
and VDM since adding new events, merging or splitting events are allowed.
The B-Method and Z allow splitting a model into hierarchical sub-models.
However, model decomposition was introduced only in Event-B to reduce
the complexity of modeling big systems by dividing them into smaller sub-
models.

Alloy [25] is a formal language inspired by Z for modeling and analyzing
software abstractions. Alloy is simpler and more flexible than the above
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mentioned specification languages. This is achieved by the cost of being less
expressive. Alloy is strictly first order logic for accelerating the analyzabil-
ity. It translates the model to a large boolean expression and analyzes the
boolean expression automatically by a SAT solver. Alloy is mostly used for
systems with complex structural states such as name servers, access control
and cryptography.

Circus [43] is a formal language based on Z and CSP for stepwise de-
velopment of concurrent and reactive systems. The language supports the
behavioral aspects of modeling such as parallelism and choice which is dif-
ficult to define in Z, VDM-SL and B. CSP is based on process algebra and
can be used to define the behavioral aspects of the system, while Z focuses
on defining the data aspects.

3 Formal method tools

In this section we introduce the state-of-the-art formal tools for modeling
and verification in the previously mentioned specification languages. In
addition, various tools are available to assist the modeling steps by animation
and execution. We focus more on the tools supporting B, due to their
extensive use also in industry.

Atelier-B [19] was developed for designing and verifying models in the B-
Method used in industrial B-Software projects. Systems can be refined from
abstract machine to implementation. Atelier-B supports both a graphical
and a command language interface. Theorem provers guarantee the correct-
ness of the system by discharging the proof obligations. Also B-Toolkit [30]
was introduced as a set of tools for software development in the B-Method.
In B-Toolkit the file management and documentation together with the syn-
tax and type checking are automated. BART [37] is an automatic refinement
tool for B components and can be extended to support Event-B models as
well. It is a stand alone tool but can also be launched in Atelier-B. BART
can refine the abstract variables, operations and initialization of B compo-
nents. Rules are used to determine the elements that need to be refined.

Rodin [3] is an Eclipse-based framework for developing Event-B specifi-
cations. It also verifies the Event-B models by generating and discharging
the proof obligations and supports the refinement process of the models.
Since Rodin is an eclipse-based platform, it is extensible by other plug-ins.
Figure 1 shows the Rodin editor with two events from a model of an aircraft
landing gear system [41]. The model is a case study that was proposed by
Bionel and Wiels [11] and was modeled in the Rodin platform by Wen and
Abrial (amongst others) 1.

Various plug-ins are available to provide a more flexible environment for
Event-B development such as for example ProB and the model decomposi-
tion plug-in. ProB [28] includes both a standalone animator and an Eclipse
plugin for animating and model checking of B and Event-B models. Invari-

1http://www.lab205.org/case-landing
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Figure 1: The Rodin editor

ant violations can be detected by finding a counterexample in the model.
Moreover, ProB can be used in automated refinement checking. The re-
finement error detection in ProB discovers inconsistent behaviors and guard
weakening. Figure 2 illustrates an example of an Event-B model [41] of the
aircraft landing gear case study [11] in the ProB environment. A model
decomposition plug-in is available for breaking a model into sub-models in
Event-B which is classified into two approaches: shared variable decomposi-
tion and shared event decomposition. Depending on the preference and the
system, the user can optimize the decomposition style.

Figure 2: The state of invariants and variables in ProB

VDM-Tools [21] is a formal modeling tool for VDM specification lan-
guage which supports modeling the software systems along with the code
generation from VDM specification to Java and C++. Overture tool [33]
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was designed afterwards with the same functionality, but based on Eclipse
[32] (as the Rodin tool).

The community Z tool (CZT) [31] is a group of tools based on a java
framework for supporting Z formal language with some support for Z ex-
tensions such as the Circus language. Both a stand alone version on the
command line and a plug-in version for the Eclipse environment are avail-
able for the Z tool. The environment of CZT is suitable for specialists in Z,
since it is not so intuitive. Jaza animator integrates with the Z tool CZT for
validating Z models by animation and testing. Moreover, ZRC-Refine [22]
is an interactive tool for supporting ZRC refinement.

Alloy Analyzer automatically analyses properties of Alloy models by
bounding a model and converting it to a boolean logic formula. Then it
uses a SAT solver to find a satisfied model. When Alloy Analyzer finds a
false assertion, it generates a counter example. In this sense it is different
from theorem provers. It visualizes the sample that is satisfied. Also Alloy
Analyzer is available both as command line and as API versions to be used
in other tools. Alloy Analyzer is not a verification tool and can be compared
to ProB, but is more dominant.

CRefine [24] is a JAVA based framework that was developed to support
the Circus language. The tool is more practical for educational purposes,
but can also be appropriate for applications of industrial scale.

4 Integration of formal tools and visualization

In order to facilitate the formal development visualization means are needed
in addition to the modelling and verification tools. One way of visualizing
the design is to specify the requirements with for example UML [12] or other
graphical languages. Another approach is animating the model to illustrate
its behavior in a visual language.

4.1 Integrating the semi-formal and formal languages

UML was developed to represent graphical models of systems in software
engineering. Various diagrams were defined to cover all aspects of a sys-
tem such as package diagrams, class diagrams and state diagrams. Since
UML has been used in specifying the requirement of the systems in many
industrial projects, it has been considered as a front-end of various formal
method languages. Other graphical interfaces were developed as well for
other systems that will be mentioned at the end of this section.

UML-B [40] is a graphical editor for the B-Method and Event-B models
including package diagrams, class diagrams and state charts. Class diagrams
can be used to define data entities and their relationships, while packages
represent the B components for covering a group of class diagrams. The
UML-B model is then translatable to an Event-B model for verification.
iUML-B [39] is a newer integrated version of UML-B with more editing
features that make it possible to extend the model in both the UML diagram
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Figure 3: A state diagram in iUML-B

and Event-B synchronously. iUML-B includes both state-machines and class
diagrams. The behavior of Event-B models can be visualized via UML-B
state machines which also supports nested state machines that captures the
refinement behavior. Figure 3 illustrates a part of the aircraft landing gear
case study [11] in iUML-B. The door_open and gear_extending are events
that are shown in the state machine as transitions.

VDMtools and Overture both support the transformation between UML
class diagram and VDM++. While VDMtools is integrated with UML ver-
sion 1.4, Overture is an Eclipse based plugin which links VDM++ with UML
2 class and sequence diagrams [27]. Also the sequence diagram can be used
as a test sequence description that can be executed.

UML+Z [16] is a framework based on UML and Z for building, analyzing
and refining models including state and class diagrams. The target group of
this tool is developers with UML background knowledge, but not familiar
with Z notations. However, a Z specialist is required to write Z operation
specifications and invariants which cannot be expressed diagrammatically.

UML2Alloy [6] is a tool for transforming a subset of UML class diagrams
and OCL constraints into the Alloy language by defining a mapping between
the UML meta model and the Alloy meta model. It applies to different
domains such as, for example, Agile manufacturing, security and access
control. Alloy also integrates with UML to ensure the requirements of the
system as a part of the software process.

UPPAAL is a model checker for realtime systems based on theory of
timed automata including a graphical interface and a model checking engine.
The tool guarantees that the system behaves in an intended way. UPPAAL
uses state machine diagrams for validation. However the usage of state
machines is quite different from Event-B state machines, since it is used for
reachability, safety and liveness checks.

CODA (Co-Design Architecture) [13] is a modeling framework for em-
bedded systems as an extension to Event-B and UML-B. Component be-
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havior can be specified in CODA by assistance of UML-B and Event-B.
CODA provides a diagrammatic notation for modelling the asynchronous
communication between components using clock synchronised operations
and timeouts. State-machines are used to constrain the enablement of com-
ponent operations. There are two approaches for verifying the refinement in
CODA: either by proving the correctness of the renement in each step, or by
revealing the unseen problems that require re-modeling by model checking.

Simulink [15] is another graphical framework based on Matlab for model-
ing embedded systems and verifying the correctness of them. It also supports
code generation from the model. Libraries of blocks are defined in Simulink
that makes it easier to use as well as gives a possibility to define ones own
libraries of blocks. There is a tool used to verify the correctness of Simulink
diagrams by translating them to Z called ClawZ. Stateflow is an extension
of Simulink to design statemachines and flowcharts for reactive systems.

4.2 Integrating formal methods and animation

Animation is integrated with formal tools to provide a better understanding
of the system behavior and assuring the requirements. It can also be used
to present a model to a customer, since understanding the model in formal
languages can be difficult for those who were not involved in developing it.
ProB was already described in Section 3.

BRAMA [38] is an Eclipse-based plug-in tool together with flash, which
animates the graphical models of the system including guards, events and
properties for both B- and Event-B models. BRAMA links a model specified
in Rodin, Atelier B or B4free to the graphical representation and animation
of the model using flash tools. Moreover, the user can interact with the
models by various buttons. However, the animation should be created by
a modeler. After creating the animation, the model can be exported and
saved on a CD.

Anim B, an Eclipse-based plug-in, is also an animator and model checker
for Event-B that allows the user to animate the whole model including the
refinements. B Motion Studio [26] is developed for domain specific visual-
ization.

4.3 Assisting the formal method verification with invariant
discovery

An invariant is a property which is preserved at each point of a program.
Invariants can be considered as one of the critical points of program verifica-
tion, since it is needed for automatic theorem proving and testing. Different
approaches have been proposed and various tools have been developed to
automate the invariant discovery. Static invariant discovery focuses on the
program texts and consider all possible executions. However, dynamic in-
variant detection is another techniques based on dynamic test execution
traces. An example of a tool for dynamic invariant detection is Diakon [18]
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which can detect invariants in Java, C and perl programs. HR [29] uses
the invariant discovery approach to automate the discovery of properties in
Event-B systems. HR generates invariants from the ProB animation traces.
HRemo, an extension to HR, is an invariant discovery for Event-B that is
especially used to find gluing invariants. Gluing invariants are the invariants
that relate the states of the refined model to its abstraction.

Clousot [20] is another tool released by Microsoft for finding loop in-
variants automatically based on abstract interpretation, as well as pre- and
postconditions extracted from the code. It is used for .Net languages (C#,
F#, VB, etc) and can be installed on Visual Studio framework.

5 Parallelizing the refinement models by a layer-
ing approach

Visualisation of the refinement process makes it easier to communicate the
system developement process. We have here chosen to focus on Event-B
with visualisation help from UML, since it is a formalism that has good tool
support. Moreover, it has been proved useful for industrial applications.
However, in order to make the refinement process more smooth and flexible,
it need to be parallelized, as well.

Applying superposition refinement using a layering approach for the de-
velopment process is a perspective for parallelizing the formal development
process of a system by dividing the requirements into different levels. Back
proposed an idea of constructing software by adding each feature as a new
layer on top of the abstract level while preserving the previous layers [7].
Developing systems in the B-Method using layers has also been investigated
earlier by Waldén [42].

Even if the development process from specification to implementation in
the different layers could be performed simultaneously, the layers are usually
developed in a sequential manner due to dependencies between the layers.
However, for a more flexible development in industrial settings a parallel
approach would be more advantageous. Hence, we consider abstractions
that can be developed in parallel [34]. Each abstraction can be considered
as an aspect that represent a new feature of the system in the same way as
a layer. To ease the validation of the model, we use UML state machines
for the Event-B models. The requirements of the system are captured in
UML statechart diagrams. The statechart diagrams can then be trans-
lated to Event-B machines. The system development may proceed in UML
and Event-B in an integrated manner using iUML-B [39]. In our approach
we propose multiple abstractions that can be refined in parallel. The ab-
stractions are identified by capturing different properties of the system, e.g,
safety temporal properties. These abstractions are then refined separately in
a stepwise manner. To have a complete model, we merge the abstractions at
some point of the development process. The merged version can be proved
to be a refinement of each of the merged abstractions.
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Yeganefard et al. [44] proposed a method for decomposing the require-
ments into sub-problems; their pattern for defining the sub-problems is,
however, different from ours. Hoang et al. [41] also introduced composition
of different abstractions. Their work inspired our contribution to incorpo-
rate multi-abstraction merging into a useable flexible development process.

As a case study [34], we have modeled part of the landing gear system
case study which was proposed by Boniol and Weils [11]. For the case study
we propose the abstractions in Figure 4; moving gear and door, analogical
switch, general electro-valve, as well as anomalies. In each abstraction,
the relationships to other abstractions are modeled via Boolean variables.
The moving gear abstraction represents the extension and the retraction
of the landing gear system, as well as opening and closing of the door.
In the refinement steps the handle controlling the moving of the gear and
the lights indicating the door states are introduced. The analogical switch
abstraction models the hydraulic part controlling the system. The switch
should be closed to enable the moving gear. Hence, these two abstractions
merge naturally. The general electro valve controls the hydraulic pressure for
opening and closing the doors, as well as extending and retracting the gear
when the analogical switch is closed. More details on the pressure and its
control are added in the refinement steps. All the failure modes concerning
anomalies in the behaviour of the doors and the electro-valves are modeled
in the anomaly abstraction. Figure 4 gives an overview of the abstractions of
the landing gear case study, where each abstraction can be seen as a parallel
layer representing an aspect of the system. The nature of these abstractions
are such that they can be developed in parallel independently of each other
in order to make the system development more flexible.

Moving gear
and door

anomaly=False

Analogical
Switch

anomaly=False
handlechanged=True

handle state
with the door

and gear
Lights

General EV
hydraulic
pressure

Specific EV:s

anomaly=False
AnalogicalSwitchClosed
=True

Anomaly

v v

merged

v

v of handleChanged
guard strengthening

merged
v v

v of
Analogical Switch

v

merged
vv

v

Figure 4: Proposed abstractions of the landing gear system

6 Conclusion

In this paper, we have presented an overview of the state-of-the-art formal
specification languages that are used in industrial settings, as well as avail-
able tools for supporting these languages. Moreover, we presented various
approaches of integrating the semi-formal languages such as UML to the
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formal languages for representing the requirements. Animating the model is
a complementary approach to ease the use of formal methods by observing
the behavior of the model during the execution. Since Event-B specification
language is mainly used for the development of safety critical systems and
provides a good tool support for the development of a model, it was our
primary choice for the case study. By dividing a model into multiple ab-
stractions we can decrease the complexity of the model, and parallelize the
development process. At least one property is captured in each abstraction.
In this way the development process becomes more flexible.

In our future work, we would like to extend our model to improve the
merging process and to cover more refinement levels to better discover ad-
vantages and drawbacks of our approach. Defining new transformation rules
and incorporating the existing rules into the tool support for merging the
abstractions is another challenge in our future studies.
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