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Chapter 1

Introduction

Having seen a tremendous progress in technology, people depend on hardware systems more than
ever. However, the more complex such systems become, the less can human beings cope with
controlling them or the more errors they make. This development led to two possible solutions:
On the one hand, the research field of Human Factors Engineering (cf. [43]), a sub-discipline of
Psychology, came up trying to understand how interaction between humans and machines take
place aiming at the derivation of design rules for engineers. On the other hand, controlling of
systems was automated. In fact, to an increasingly extend “hardware systems” contain software
components responsible for the correct interplay of all parts. For obvious reasons, this software
should fulfil high requirements with respect to its reliability. This applies in particular to large,
expensive and safety critical machines, such as rockets, space shuttles, satellites, space robots,
etc. Consequently, the European Space Agency (ESA) definitely faces this challenge and thus
funds the Compass project (ESA/ESTEC Contract 21171/07/NL/JD) led by the Modeling
and Verification of Software group (MOVES) at RWTH Aachen University together with the
subcontracts Fondazione Bruno Kessler, Italy, who provide the model checker NuSMV, and
with Thales Alenia Space, France, who provide realistic case studies.

1.1 The COMPASS project

A good overview over the Correctness, Modeling, and Performability of Aerospace Systems
(Compass) project is provided by [11, 1]. The project’s goal is to enable the coherent application
of formal methods during the design of systems. The approach should allow for system-software
co-engineering, that is, both, hardware and software components should be covered by it. To this
end, a special modeling language named Slim was developed as an extended subset of AADL.
Furthermore, for the analysis and verification of Slim specifications existing model checkers
are reused. Therefore, a toolchain of translators between the existing pieces of software was
developed as depicted in figure 1.1. First of all, Slim specifications are translated to SMV, the
input language of NuSMV (New Symbolic Model Checker, [16, 13]), a reimplementation of SMV

(cf. [33]). NuSMV is used for the verification of functional correctness properties. Furthermore,
it generates a transition system representation of the Slim specification which is used as input
for MRMC (Markov Reward Model Checker, [32]). The functionalities of MRMC are used for
performance evaluation by applying probabilistic model checking techniques. The translation
from NuSMV to MRMC is supported by an adapted version of Sigref [44] which performs
bisimulation minimisation on the transition system and transforms its symbolic representation,
as created by NuSMV, to an explicit representation, as required by MRMC.

1
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Figure 1.1: The Compass tool chain [11].

The outcome of the Compass project is a uniformed platform, that is, for the user one GUI is
provided from which everything can be done with a mouse click and every result is presented in a
coherent manner (cf. [7]). This eases the use of the toolset for system engineers by unburdening
them from the need to manually invoke the different steps, to learn about every used software
tool and especially from interpreting results in the model checker specific formats which are not
directly linked to the objects used in Slim specifications.

1.2 Contents of this Diploma Thesis

In the course of this diploma thesis, an alternative for model checking Slim specifications with
NuSMV was developed, namely model checking with the LTL-model checker Spin. In analogy
to translating Slim to SMV, the basic task was to establish a translation of Slim specifications
to Promela programs, the input language of Spin. Additionally, and totally independent of
the translation to Promela, the idea of slicing was ported to Slim specifications to tackle the
peak state space size resulting from state space explosion. The thesis is organised in four parts:

I. Preliminaries: Chapter 2 introduces syntax and semantics of the modeling language Slim.
The same is done for Promela, the input language of the Spin model checker, in chapter
3, including some background on how model checking is done with Spin.

II. Model Checking Slim specifications using Spin: Chapter 4 formally defines the transla-
tion of Slim models to Promela programs and explains the chosen approach. Similarly,
properties have to be translated to Promela/Spin as described in chapter 5.
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III. Slicing Slim specifications : After providing a short review of existing slicing techniques,
chapter 6 introduces the basics of the slicing algorithm for Slim specifications. Thereafter,
important but more involved extensions of the slicing algorithm are covered by chapter 7,
including some optimisations.

IV. Results and Conclusions : The implementation of the methods described in parts II and III
is shortly considered in chapter 8. This implementation is used in chapter 9 to evaluate the
translation and especially the reduction effects of slicing. Finally, chapter 10 summarises
the thesis and gives its conclusions before an outlook on some possible future work is
provided.
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Part I

Preliminaries, Background
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Chapter 2

The Architectural Design

Language SLIM

This chapter introduces syntax and semantics of the Slim (System-Level Integrated Modeling)
language that was developed in the Compass project for the description of systems. The language
is inspired by AADL (Architecture Analysis and Description Language, cf. [19]) and follows the
same component-based paradigm. A Slim specification defines a hierarchy of control components,
collected in the set CCmp1, under a topmost component, denoted root ∈ CCmp, which operate
in parallel and can communicate with each other along different connections.

Each control component c ∈ CCmp is given by its type, denoted typ(c), and its implemen-
tation, denoted imp(c). A component type describes the features of the component’s interface
as visible to other components: incoming and outgoing data and event ports for exchanging
data instantaneously and event messages synchronously with other components. In contrast, a
component implementation defines the internal behaviour of a component.

In the following sections, the formal syntax is sketched using a grammar-like notation with
NonTerminals and terminals. Some “terminals” are variable, like constant values, identifier s
or names. Identifiers, denoted identifier , id , idi, are elements from the set

Ide := {A, . . . , Z, a, . . . , z} × {A, . . . , Z, a, . . . , z, 0, . . . , 9, }∗

However, Slim keywords are forbidden as identifiers. Names, denoted name, consist of two
identifiers separated by a dot:

Nam := Ide × {.} × Ide

If a variable terminal, like identifier , occurs several times within one syntax description it is
meant to be the same one. Parentheses (alt1| . . . |altn) are used to group alternative elements
while square brackets [. . .] indicate optional parts. The presentation of the syntax concentrates
on the aspects relevant for the scope of this thesis, that is, some details such as packages and
physical bindings (e.g., which bus can be accessed by a component) are omitted. All details of
the Slim syntax can be found in [37]. At the same place, all syntactical restrictions, like the
constraint that dependencies must always be acyclic, are listed.

The semantics of the Slim language will be described textually in the subsequent sections.
However, [35] gives a formal semantics in terms of a newly introduced automaton model called

1The formal representation of Slim specification is – except for some minor extensions – taken from [35].

7



8 CHAPTER 2. THE ARCHITECTURAL DESIGN LANGUAGE SLIM

event-data automaton that extends the concept of hybrid automata (cf. [22]) with the notion of
data and event ports. The semantics defines for each control component an event-data automaton
and a whole Slim specification is reflected by a network of communicating event-data automata.
In the end, the semantics of a Slim specification yields a transition system whose states result
from the product of all possible states from all control components, including the valuation of
data elements. The transitions between such global states result from local transitions in one –
or synchronously in several – control components, taking all possible ways of interleaving into
account. For a more detailed description of the language, including a discussion of the similarities
and extensions with respect to AADL, see also [8, 9, 10].

2.1 Component Type

Within a component type an arbitrary number of incoming and outgoing data and event ports can
be declared. Data ports are used for the instantaneous exchange of data between components (cf.
section 2.2.4) whereas event ports are needed for synchronous message communication involving
transition triggers (cf. section 2.2.6). The syntax for a component type declaration is as follows:

ComponentCategory identifier
features

[ id1 : in data port DataType [ default constant1 ] ; ]∗

[ id2 : out data port DataType [ default constant2 ] ; ]∗

[ id3 : in event port; ]∗

[ id4 : out event port; ]∗

end identifier;

Each component type is associated with a unique identifier which is later used to refer to it.
The declaration of a component type contains also the choice of a ComponentCategory. Possible
are process, thread and thread group for software components, processor, memory, device
and bus for hardware components and finally system for composite components. However, since
these categories do not have any effect on the semantics, they are irrelevant for the following
discussions in this thesis and thus not further explained here.

For every data port its DataType (cf. section 2.3) must be given. Optionally, a constant
default value of the respective type can be given. It is used – and thus required – for an incoming
data port when it does not receive a value from outside the component and for an outgoing
data port when the component does not explicitly provide an output value. As a consequence,
for all incoming data ports of the root component default values must be given since no other
component can provide inputs to the root.

For a control component c ∈ CCmp, the sets IDPrt(c), ODPrt(c), IEPrt(c), OEPrt(c) collect
the incoming data ports, outgoing data ports, incoming event ports and outgoing event ports,
respectively, of the component as defined in its component type typ(c). Incoming and outgoing
data ports for data and events are combined in the sets DPrt(c) := IDPrt(c) ] ODPrt(c) and
EPrt(c) := IEPrt(c) ] OEPrt(c). The data type of a data port dp ∈ DPrt(c) is referred to as
typ(c, dp) and its default is given by dfl(c, dp), which returns ⊥ if no default value exists.

2.2 Component Implementation

The behaviour of a component is defined by a component implementation in the following sense:

• A control component can contain other control components as subcomponents, reusing and
combining their functionalities.



2.2. COMPONENT IMPLEMENTATION 9

• Data subcomponents work like local variables for a control component.

• Port connections and flows are used to interconnect the ports of control components.

• Control components can operate in different modes. Together with transitions this allows an
automata-like description of its behaviour. Furthermore, the activation of subcomponents
and port connections can be restricted with respect to the mode of the component they
belong to – giving allowance for dynamic reconfiguration of the whole system.

A component implementation declaration syntactically looks like this:

ComponentCategory implementation name
[ subcomponents

( ControlSubcomponent | DataSubcomponent )+ ]
[ connections

( DataPortConnection | EventPortConnection )+ ]
[ flows

Flow+ ]
[ modes

StartingNominalMode
NominalMode∗

[ transitions
Transition+ ] ]

end name;

The name is not only used for referring to the component implementation but also relates a
component implementation to a component type: The first part of name, e.g., typ for name =
typ.imp, must refer to a component type. The second part imp is used to differentiate between
different implementations of the same component type. Every control component c ∈ CCmp is an
instance of one component implementation. However, there might be several control component
instances of the same component implementation or even of different component implementations
but of the same component type since multiple implementations for the same type are allowed.

2.2.1 Nominal Modes

The nominal modes of a control component c ∈ CCmp are distinguished by their identifiers
which are declared using the following syntax:

id : mode [ while invariant ] ;

The set Mod(c) collects all modes of c. Furthermore, exactly one starting mode – either
initial or activation – must be declared:

id : ( initial | activation ) mode [ while invariant ] ;

The starting mode of c is referred to as stm(c). Iff the starting mode is of type initial, the
component supports mode history, otherwise it does not. Mode history means, that a control
component on reactivation continues operation from its state in which it was deactivated. A
component without mode history is always reset on reactivation. Although suggested by the
name, mode history does not only affect the mode information but also the values stored in data
elements. Additionally, the absence of mode history propagates to all control subcomponents.
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If a component implementation does not declare any mode at all, that is, Mod(c) = ∅, then
it implicitly has a DefaultInitialMode which is of type initial, thus a component without
modes always supports “mode history” which is still relevant for data elements and control
subcomponents. Formally, this results in Mod(c) := { DefaultInitialMode} and stm(c) :=
DefaultInitialMode.

The optional invariant of a mode m ∈ Mod(c) consists of subexpressions combined using
and. Two kinds of subexpressions, serving different purposes, are possible:

• Boolean expressions, denoted bexpr ∈ BExpr c, over the values of clock and continuous

data subcomponents (see below). A component can be in a mode only when its invariant
is fulfilled. On the one hand, this constraints whether a mode can be entered, and on the
other hand, it limits whether it is possible to stay in the current mode.

• Trajectory equations, written as ḋ = r for some continuous data subcomponent d and
some r ∈ R, defining r as the constant derivation for d while the component is in the
respective mode.

An invariant can be perceived as a set of boolean expressions and trajectory equations and
is referred to as inv(c, m).

2.2.2 Control Subcomponents

Control components c ∈ CCmp can be composed of other control subcomponents, reusing and
combining their functionality. A control subcomponent is declared using the following syntax:

id : ComponentCategory name [ in modes ( ListOfModes ) ] ;

The id is a unique identifier of the subcomponent within the supercomponent in which it
is defined. Those identifiers are collected in the set CSub(c). The type and implementation of
the subcomponent is given by name which must be the name of a component implementation.
It is possible to use several subcomponent instances of the same component implementation.
However, it is forbidden to create recursive inclusion dependencies between component imple-
mentations. By giving an optional non-empty ListOfModes, the declared subcomponent can be
restricted to be active only in the listed modes. The set CSub(c, m) contains the identifiers of all
control subcomponents csc ∈ CSub(c) that are active in mode m ∈ Mod(c). When no in modes

information is given, the subcomponent is implicitly active in every mode.
Given one component implementation for the root component, the hierarchy of control com-

ponents described by the Slim specification implicitly results from the nesting of subcomponents.
An important notion in the later descriptions is the so-called access path, used to refer to a certain
control component instance. Formally, there is no difference between a control component and a
control component instance – the wording “instance” is just sometimes used to emphasise that
not component implementations are considered. Since several instances of the same component
implementation can exist, it does in general not suffices to refer to a component implementation.
The access path to a control component reflects the path from the root component through its
nested control subcomponents to the control component in question. The access path to the
root component is simply root. The access path to the control subcomponent csc ∈ CSub(c) of
a control component c ∈ CCmp with access path accessPath(c) is accessPath(c).csc. Formally,
an access path is a non-empty, dot-separated concatenation of subcomponent identifiers, i.e.,
APath ⊂ {root} × (. × Ide)∗. For simplicity, every control component c ∈ CCmp is identified
with its access path, i.e., c = accessPath(c).
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2.2.3 Data Subcomponents

Within a component implementation data subcomponents, comparable to local variables, can be
declared:

id : data DataType [ default constant ] [ in modes ( ListOfModes ) ] ;

Like data ports, they are typed and can have a default value which is used as long as it is
not overwritten. Like with control subcomponents, the availability of each data subcomponent
can be restricted with respect to nominal modes of its supercomponent. In others than the
listed modes the data subcomponent may not be used and on reactivation, including the first
activation, it will be reset to its default value. Again, if no in modes information is present, the
data component is implicitly always active.

For a control component c ∈ CCmp, the set DSub(c, m) collects all identifiers of data sub-
components active in mode m ∈ Mod(c). Consequently, DSub(c) :=

⋃

m∈Mod(c) DSub(c, m)
contains all data subcomponent identifiers used in c. Data subcomponents together with in-
coming and outgoing data ports are called data elements, represented by the sets Dat(c, m) :=
DSub(c, m)]DPrt(c) and Dat(c) := DSub(c)]DPrt(c). As with data ports, typ(c, d) and dfl(c, d)
represent the data type and the default value (possibly ⊥) of a data subcomponent d ∈ DSub(c).

2.2.4 Data Port Connections and Flows

Data port connections are used for connecting different data ports of components to forward
data so that the value of the target port tp is instantaneously set to the value of the source port
sp whenever this changes. The syntax for establishing such connections is:

data port sp -> tp [ in modes ( ListOfModes ) ] ;

Like control and data subcomponents, port connections can be restricted to be active in
selected modes of the defining component only and again, when no in modes information is given
they are implicitly always active. This way, not only the component hierarchy can dynamically
be reconfigured but also the communication structure. The data types of source and target
port must match. Furthermore, a port connection can be active only in modes in which both
components, the one containing the source port and the one containing the target port, are active
as well. Different kinds of port connections are possible inside a control component c ∈ CCmp:

• In-in: The value from an incoming data port sp ∈ IDPrt(c) is forwarded to an incoming
data port tp′ ∈ IDPrt(c.csc) of a control subcomponent csc ∈ CSub(c), denoted tp =
csc.tp′.

• Out-out: The value from an outgoing data port sp′ ∈ ODPrt(c.csc) of a control sub-
component csc ∈ CSub(c), denoted sp = csc.sp′, is forwarded to an outgoing data port
tp ∈ ODPrt(c) of the component itself.

• Out-in: The value of an outgoing data port sp′ ∈ ODPrt(c.csc) of a control subcom-
ponent csc ∈ CSub(c), denoted sp = csc.sp′, is forwarded to the incoming data port
tp′ ∈ IDPrt(c.csc′) of a control subcomponent csc′ ∈ CSub(c), denoted tp = csc′.tp′.
Indeed, the subcomponents can be the same one, i.e., csc = csc′ is possible.

A data flow, defined as

tp := expr [ in modes ( ListOfModes ) ] ;
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works in principle like a data port connection, but is more powerful: Firstly, not only the value
of an data port can be forwarded but a new value can be calculated by an expression expr
over the values of incoming data ports of the component itself and values of outgoing data
ports of any control subcomponent. Secondly, flows allow additionally in-out connections, that
is tp ∈ ODPrt(c) and expr is/contains a sp ∈ IDPrt(c). However, this introduces the risk of
cyclic dependencies which are thus explicitly forbidden by syntactic restrictions: no data port
may (transitively) depend on itself. Note carefully, that this does not exclude the forwarding of
the value from an outgoing data port to an incoming data port of the same component. The
restriction only forbids that this forwarding can influence the value of the outgoing data port in
question. This situation of data dependencies cyclic on the component level and its consequences
for the translation to Promela will be discussed in more detail in section 4.6.1.

If a data port connection or a data flow becomes deactivated then its target port is reset
to its default value, if it exists. It must exist for all data ports that are targeted by data port
connections and/or flows in some but not all modes. Fan-out is always possible whereas fan-in
is not allowed.

Data port connections in a control component c ∈ CCmp from sp to tp which are active in
mode m ∈ Mod(c) are collected in a set: (sp, tp) ∈ DCon(c, m). Similarly, flows d := expr are
collected as (d, expr) ∈ Flw(c, m).

2.2.5 Event Port Connections

In analogy to data port connections, event port connections transport message signals. The
syntax of their declarations is nearly identical:

event port sp -> tp [ in modes ( list of Ide ) ] ;

The same connection topologies as with data port connections are possible, i.e., in-in, out-out
and out-in connections. A corresponding counterpart for flows allowing in-out connections does
not exits for events. Fan-out and – in opposite to data port connections – fan-in are possible, but
it must be guaranteed that a component does not receive the same original event more than once.
Furthermore, event connections must be acyclic on the component level, that is, a component
can never receive an incoming event that came along an outgoing event port of the component
somewhen before.

An event port connection defined in a control component c ∈ CCmp from source port sp to
target port tp active in mode m ∈ Mod(c) is represented as (tp, sp) ∈ ECon(c, m).

2.2.6 Transitions

Transitions between nominal modes allow to change the current mode of the component. A
transition in a control component c ∈ CCmp, declared as

ms -[ [t ] [when g ] [then f ] ]-> mt ;

contains the following elements:

• A source mode ms ∈ Mod(c) and a target mode mt ∈ Mod(c).

• An optional trigger t which is either an event port of the component itself, i.e., t ∈ EPrt(c),
or an event port of a control subcomponent, that is, t = csc.ep with ep ∈ EPrt(c.csc) for
some control subcomponent csc ∈ CSub(c). Transitions without a trigger are called τ-
transitions.
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• The optional guard g is a boolean expression over data elements of the component which
restricts the enabledness of a transition: A transition can be taken only when its guard
evaluates to true in the current state.

• The effect f is a – possibly empty – list of assignments d := expr to outgoing data ports and
data subcomponents of c active in the target mode mt, i.e., d ∈ DSub(c, mt) ] ODPrt(c).
The new value can be calculated by an expression expr over all data elements of c active
in the source mode ms, that is, over d′ ∈ Dat(c, ms). Data ports of control subcomponents
can neither be read nor set in transition effects. The right hand sides of all assignments
are evaluated in the old state so that the effect x := y; y := x indeed swaps the values of
x and y.

Subject to the evaluation of the guard, a τ -transition can always be taken. In contrast,
transitions with a trigger require multiway event communication: A transition with an outgoing
event port of the component itself, i.e., t ∈ OEPrt(c), or with an incoming event port of a control
subcomponent, i.e., t = csc.iep, csc ∈ CSub(c), iep ∈ IEPrt(c.csc), as trigger – such transitions
will be referred to as master transitions – can be taken only when synchronously in at least one
other component c′ ∈ CSub \{c} a transition can be taken that can “receive” the triggered event,
that is, it has an incoming event port of its defining component, i.e., t′ ∈ IEPrt(c′), or an outgoing
event port of a control subcomponent, i.e., t′ = csc′.oep, csc′ ∈ CSub(c′), oep ∈ OEPrt(c′.csc′),
as trigger – analogously, these transitions are referred to as reactive transitions – to which
the originally emitted event is forwarded (transitively) along event port connections. Actually,
during multiway event communication every component containing one ore more enabled reactive
transitions receiving a triggered event must take one of them. The other way round, a reactive
transition can be taken only, when it is triggered by a master transition. Figure 2.1 sketches a
typical situation for multiway event communication.

A
event1

ms mt
event1

B
event2

m′
s m′

t
event2

C

event3

m′′
s m′′

t
A.event1

Figure 2.1: The master transition in component A can only be taken when at least one reactive
transition in another component, like the one in B, to which the triggered event is forwarded
along event port connections can be taken synchronously. The reactive transition in component
C uses the special notation A.event1 for event ports of subcomponents.

A transition declaration as above in a control component c ∈ CCmp is formally represented

as (ms, t, g, f, mt) ∈ MTr(c), sometimes written as ms
t,g,f
−→ mt.
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2.3 Data Types and Expressions

Slim supports the data types listed in table 2.1. The data types clock and continuous, which
are used to model hybrid behaviour, are allowed for data subcomponents only, not for data ports.
The derivation for continuous data subcomponents d can be mode dependent and is given by
a trajectory equation ḋ = a, for some a ∈ R, attached to mode invariants (cf. section 2.2.1).
Data subcomponents of type clock – which can be seen as a special subtype of continuous –
always change linearly over time, that is, with derivation 1, and can be reset to 0 only, not to
other constant values. For a control component c ∈ CCmp let Enums(c) collect all symbolic
identifiers that occur in an enumeration data type enum(id1,. . .,idn) defined in c. Furthermore,
define Enums :=

⋃

c∈CCmp Enums(c).

DataType Possible Values

bool true, false
int Z = [-](0| . . . |9)+

real R = [-](0| . . . |9)+[.(0| . . . |9)+]
enum(id1,. . .,idn) Distinct symbolic values id1, . . ., idn for some n ∈ N>0

[l..u]
Integer Range: Like int, but restricted to {z ∈ Z | l ≤ z ≤ u}
for some l, u ∈ Z with l ≤ u

clock R≥0, linearly increasing over time
continuous R, continuously changing according to a constant derivation

Table 2.1: Slim data types and their possible values.

Expressions, which are always interpreted in the context of a control component c ∈ CCmp,
are made up of constant values and reading accesses to data elements of the component d ∈ Dat(c)
or to outgoing data ports d ∈ ODPrt(c.csc) of a control subcomponent csc ∈ CSub(c), using the
notation csc.d, combined by operators of different kinds:

• Arithmetic operators: +, - (unary and binary), *, /, mod

• Relational operators: =, !=, <, >, <=, >=

• Boolean operators: not, and, or, imp, iff, xor, xnor

One more complex operator is the case operator using the following syntax for some n ∈ N>0:

case b1 : e1 ; . . . ; bn : en otherwise e0 end

It returns the value of the subexpression ei for the smallest 1 ≤ i ≤ n such that the boolean
expression bi evaluates to true. If no such i exists, the value of e0 is returned.

For more details on the data types, the typing of expressions, the precedence of operators
and syntactical restrictions see [37, section 4.2.1].

2.4 Example

Listing 2.1 gives an example Slim specification modeling a system consisting of a negator com-
ponent whose input pos is randomly generated using nondeterministic transitions in component
randomBit. For gaining a better overview, a visualisation as in figure 2.2 is often useful. Formally,
this specification is represented as follows:
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• CCmp := {root, root.randomBit, root.negator, root.aBus}

• For c = root:

– typ(c) := Root, imp(c) := Root.Impl

– IDPrt(c) = ODPrt(c) = IEPrt(c) = OEPrt(c) := ∅

– Mod(c) = ∅ ⇒ Mod(c) := { DefaultInitialMode}, stm(c) := DefaultInitialMode

– CSub(c, m) := {randomBit, negator, aBus} for every m ∈ Mod(c)

– DCon(c, m) := {(randomBit.value, negator.pos)} for every m ∈ Mod(c)

– DSub(c, m) = ECon(c, m) = Flw (c, m) := ∅ for every m ∈ Mod(c)

– MTr (c) := ∅

• For c = root.randomBit:

– typ(c) := RandomBit, imp(c) := RandomBit.Impl

– ODPrt(c) := {value}, typ(c, value) := bool, dfl(c, value) := false

– IDPrt(c) = IEPrt(c) = OEPrt(c) := ∅

– Mod(c) := {m}, stm(c) := m

– CSub(c, m) = DSub(c, m) = DCon(c, m) = Flw(c, m) = ECon(c, m) := ∅ for every
m ∈ Mod(c)

– MTr (c) := {(m, τ, ε, value := true, m), (m, τ, ε, value := false, m)}

• For c = root.negator:

– typ(c) := Negator, imp(c) := Negator.Impl

– IDPrt(c) := {pos}, typ(c, pos) := bool, dfl(c, pos) := false

– ODPrt(c) := {neg}, typ(c, neg) := bool, dfl(c, neg) := false

– IEPrt(c) = OEPrt(c) := ∅

– Mod(c) = ∅ ⇒ Mod(c) := { DefaultInitialMode}, stm(c) := DefaultInitialMode

– Flw (c, m) := {(neg, !pos)} for every m ∈ Mod(c)

– CSub(c, m) = DSub(c, m) = DCon(c, m) = ECon(c, m) := ∅ for every m ∈ Mod(c)

– MTr (c) := ∅

• For c = root.aBus: omitted

2.5 Modeling Errors

With the language constructs introduced so far, nominal models describing the normal system
behavior are written. They can be complemented by error models, which express how and
with which probability a component might fail, accompanied by fault injections describing the
effects of failures, e.g., changes to the data elements. However, a process called model extension
integrates error and normal behaviour to a new, almost normal nominal model. Thus, for the
scope of this thesis it suffices to consider nominal models only. The principle idea of model
extension is to add a new subcomponent called errorSubcomponent to every nominal component
which is associated with an error model. This new subcomponent is responsible for maintaining



16 CHAPTER 2. THE ARCHITECTURAL DESIGN LANGUAGE SLIMsystem Rootend Root;system implementation Root.Implsubcomponents
randomBit: system RandomBit.Impl accesses aBus;

negator: system Negator.Impl accesses aBus;

aBus: bus Bus.Impl;connectionsdata port randomBit.value -> negator.pos;end Root.Impl;system RandomBitfeatures
value: out data port bool default false;end RandomBit;system implementation RandomBit.Implmodes
m: initial mode;transitions
m -[then value := true]-> m;

m -[then value := false]-> m;end RandomBit.Impl;system Negatorfeatures
pos: in data port bool default false;

neg: out data port bool default false;end Negator;system implementation Negator.Implflows
neg := !pos;end Negator.Impl;bus Busend Bus;bus implementation Bus.Implend Bus.Impl;

Listing 2.1: A system negating a random bit described as a Slim specification.
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root: Root.Impl

randomBit: RandomBit.Impl

value

m

value := true

value := false

negator: Negator.Impl

pos neg
neg :=!pos

Figure 2.2: Visualisation of the Slim specification Negate Random Bit from listing 2.1.

the current error state of the component. Furthermore, all transitions and flows of the original
component are extended to consider the current error state and the fault effects that have to
be applied in them. More on the syntax of error models can be found in [37, sections 4.4 &
4.5] while its semantics by model extension is described in [36, chapter 4], based on a method
described in [12]. In the sense that the Slim language is inspired by AADL, the concept of error
models is taken from the error model annex of AADL (cf. [18]).

Listing 2.2 gives the error model NegatorError.Impl. The control component root.negator
from the Negate Random Bit example in listing 2.1 can be associated with it together with the
fault effect that in error state Erroneous its outgoing data port neg is constantly set to false.
The Slim specification generated by model extension from the nominal specification under this
fault injection is given in listing 2.3.error model NegatorErrorfeatures

OK: initial state;
Erroneous: error state;end NegatorError;error model implementation NegatorError.Implevents
ErrorOccurs: error event;transitions
OK -[ErrorOccurs]-> Erroneous;end NegatorError.Impl;

Listing 2.2: An error model containing two error states OK and Erroneous. The error state is
changed when the error event ErrorOccurs spontaneously (here, no occurrence rate is given)
happens.



18 CHAPTER 2. THE ARCHITECTURAL DESIGN LANGUAGE SLIMsystem Extended__Root1end Extended__Root1;system implementation Extended__Root1.Implsubcomponents
negator: system Extended_negator_Negator1.Impl accesses aBus;

aBus: bus Extended_aBus_Bus1.Impl;

randomBit: system Extended_randomBit_RandomBit1 .Impl accesses aBus;connectionsdata port randomBit.value -> negator.pos;modes
_DefaultInitialMode : initial mode;end Extended__Root1.Impl;system Extended_randomBit_RandomBit1features
value: out data port bool default false;end Extended_randomBit_RandomBit1;system implementation Extended_randomBit_RandomBit1 .Implmodes
m : initial mode;transitions
m -[then value := true]-> m;

m -[then value := false]-> m;end Extended_randomBit_RandomBit1.Impl;system Extended_negator_Negator1features
pos: in data port bool default false;
neg: out data port bool default false;
_errorState: out data port enum(_Erroneous , _OK) default _OK;end Extended_negator_Negator1;system implementation Extended_negator_Negator1.Implsubcomponents
_errorSubcomponent: system NegatorError1.Implementation;connectionsdata port _errorSubcomponent._errorState -> _errorState;flows
neg := case _errorSubcomponent._errorState=_Erroneous: falseotherwise: not pos end in modes ( _DefaultInitialMode);modes
_DefaultInitialMode : initial mode;transitions
_DefaultInitialMode -[_errorSubcomponent.# ErrorOccurswhen _errorState = _OK]-> _DefaultInitialMode;end Extended_negator_Negator1.Impl;
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_errorState: out data port enum(_Erroneous , _OK) default _OK;

_resetEvent: in event port;
#ErrorOccurs: error event port;end NegatorError1;system implementation NegatorError1.Implementationmodes
Erroneous : error mode;
OK : initial mode;transitions
OK -[#ErrorOccurs then _errorState := _Erroneous]-> Erroneous;

Erroneous -[_resetEvent]-> Erroneous;

OK -[_resetEvent]-> OK;end NegatorError1.Implementation;bus Extended_aBus_Bus1end Extended_aBus_Bus1;bus implementation Extended_aBus_Bus1.Implmodes
_DefaultInitialMode : initial mode;end Extended_aBus_Bus1.Impl;

Listing 2.3: Extended model of the Negate Random Bit specification from listing 2.1.

2.6 Defining Properties

Within the Compass toolset, properties are defined based on property patterns (cf. [7, chapter 7]).
These patterns consist of a story with placeholders (denoted P , S) for atomic propositions and
correspond to a logic formula. Table 2.2 lists the LTL patterns used in the Compass toolset.
Nearly the same patterns exist for CTL and others for CSL, dealing with probabilities and timing.
However, since this thesis mainly targets at a translation of Slim specifications to Promela,
the input language of the LTL-model checker Spin, those patterns are not discussed here.

Pattern Story LTL-Formula

Propositional In the initial system state, P holds. P

Absence Global P never holds. �¬P

Existence Global P eventually holds. ♦P

Universality Global P always holds. �P

Precedence Global P always precedes S ( ¬S U P ) ∧ �¬S

Response Global Whenever P holds, eventually S holds. � ( P ⇒ ♦S )

Table 2.2: LTL property patterns used in Compass.

The wording “eventually” means “in the same or some subsequent state”. Note carefully,
that LTL patterns implicitly argue always about all possible execution paths of a system. As
one consequence, the patterns absence global and existence global are not dual: If P holds on



20 CHAPTER 2. THE ARCHITECTURAL DESIGN LANGUAGE SLIM

some but not all execution paths, none of them is valid. However, they are still mutual exclusive.
Verifying that a property holds for some but not necessarily all paths is possible by falsifying that
it is invalid for all paths. For example, “on some paths eventually P holds” is valid iff “on all
paths never P holds” – which is an LTL property – is invalid. In this case, the counterexample
is in fact a witness of the desired behaviour.

As atomic propositions to fill-in the placeholders in the property patterns, boolean expression
over values of data elements, nominal modes and error states of control components occurring
in the specification are used. As operators, all operators from the Slim language can be used
(boolean, relational, arithmetical). The wording “atomic” thus does not mean atomic with
respect to boolean operators, i.e., only arithmetic and relational expressions, but indicates that
no temporal operators can occur in atomic propositions. In order to refer to a data element of
a certain control component, their identifier is prefixed with the access path to the respective
component, e.g., the data element d ∈ Dat(c) of a control component c ∈ CCmp is addressed
by c.d. The nominal and error mode of a control component c ∈ CCmp is referred to by
adding the suffix .mode or .error, respectively, to the access path of c. Numeric and boolean
constant values can be used in the same way as in Slim specifications. In contrast, identifiers
of enumeration literals, nominal modes and error states must be prefixed with enum:, mode: or
error:, respectively. The access paths used in properties actually omit the explicit naming of
the root component, that is, instead of root.d or root.sc.mode just d and sc.mode are used.
Possible properties for the Slim specification from listing 2.1 are, for example:

• ϕ1: Universality global with P = root.negator.neg = not root.negator.pos, claiming
that the negator works correctly (valid).

• ϕ2: Propositional with P = not root.negator.neg, stating that output neg of compo-
nent root.negator is false in the initial state. Although dfl(root.negator, neg) =
false holds, this property is invalid since already in the initial state the component
root.randomBit provides the value false which is forwarded to and negated by the
root.negator control component resulting in root.negator.neg being true in the initial
state.

• ϕ3: Absence global with P = root.randomBit.value, claiming that outgoing data port
value of control component root.randomBit is never set to true. Obviously, this does
not hold since the transition with effect value := true can always be taken.

• ϕ4: Existence global with P = root.randomBit.value, claiming that the outgoing data
port value of control component root.randomBitwill in every execution eventually be set
to true. This property does not hold either since it is possible that root.randomBit only
takes the transition with effect value := false ad infinitum.

An important limitation is that atomic propositions must not refer to deactive components,
of both kinds, control and data. This can be achieved by using an additional implication
with a premise about the modes of components. For example, consider a data subcomponent
d ∈ DSub(root) of the root component that is active in the modes {m0, . . . , mn} ( Mod(root).
Checking d <= 10 might result in unexpected results since the value of deactive data sub-
components is in general undefined. Instead, checking (mode = mode:m0 or . . . or mode =

mode:mn) imp d <= 10 is safe. Unfortunately, Slim does not offer predefined predicates about
the activation status of components.

One or more properties can be stored in an XML-file which, besides the Slim specification,
later can be used as an input for the translator and slicer. Listing 2.4 gives an example of such
an XML-file for the properties ϕ1, . . . , ϕ4.
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<?xml version="1.0" encoding="UTF -8" ?>

<props:properties
xmlns:props="http://compass.informatik.rwth -aachen.de/properties"
xmlns:ltl="http://compass.informatik.rwth -aachen.de/ltl">

<props:property >
<props:name>Phi 1</props:name>
<props:description >First Example Property </props:description >

<props:ltlPatternInstance patternId=" universalityGlobal">
<ltl:stateFormulaInstance placeholderId="P">

<ltl:atomicProposition>
negator.neg = not negator.pos

</ltl:atomicProposition>
</ltl:stateFormulaInstance >

</props:ltlPatternInstance >

</props:property >
<props:property >

<props:name>Phi 2</props:name>
<props:description >The Second Property </props:description >

<props:ltlPatternInstance patternId=" propositional">
<ltl:stateFormulaInstance placeholderId="P">

<ltl:atomicProposition>
not negator.neg

</ltl:atomicProposition>
</ltl:stateFormulaInstance >

</props:ltlPatternInstance >

</props:property >
<props:property >

<props:name>Phi 3</props:name>
<props:description >A third story </props:description >

<props:ltlPatternInstance patternId=" absenceGlobal">
<ltl:stateFormulaInstance placeholderId="P">

<ltl:atomicProposition>
randomBit.value

</ltl:atomicProposition>
</ltl:stateFormulaInstance >

</props:ltlPatternInstance >

</props:property >
<props:property >

<props:name>Phi 4</props:name>
<props:description >The last story </props:description >

<props:ltlPatternInstance patternId=" existenceGlobal">
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<ltl: stateFormulaInstance placeholderId="P">
<ltl:atomicProposition>

randomBit.value

</ltl:atomicProposition>
</ltl:stateFormulaInstance >

</props:ltlPatternInstance >

</props:property >
</props:properties>

Listing 2.4: XML-file containing some properties.

Formaly, a property ϕ is given by a pattern(ϕ) and a set of named atomic propositions
APs(ϕ) ⊂ {(id, ap) | id ∈ Ide, ap an atomic proposition}. For the example properties presented
here, this yields:

• pattern(ϕ1) := universalityGlobal,
APs(ϕ1) := {( P , root.negator.neg = not root.negator.pos )}

• pattern(ϕ2) := propositional, APs(ϕ2) := {( P , not root.negator.neg )}

• pattern(ϕ3) := absenceGlobal, APs(ϕ3) := {( P , root.randomBit.value )}

• pattern(ϕ4) := existenceGlobal, APs(ϕ4) := {( P , root.randomBit.value )}



Chapter 3

The Model Checker SPIN

Spin is a widely used LTL-model checker that was mainly developed by Holzmann. In [27] he
quotes Joseph Joubert with the words “The worst thing about new books is that they keep
us from reading the old ones.” In this spirit, this chapter gives a rather short and informal
introduction to Spin, its input language Promela and the basic means of model checking with
Spin. It neither explains the theoretical approach to model checking nor does it give much of
the details about implementation and usage of Spin and Promela. Instead, for the former I
refer to [41, 17, 5] and for the latter to [3, 23, 27, 6].

3.1 Input Language PROMELA

The system model for Spin is not directly given as a transition system but as a Promela

program, abbreviation for Process Meta Language, specifying a set of concurrent processes
which can interact by communication via channels and global variables. This section introduces
Promela with the focus on relevant parts as used in translation from Slim to Promela. A
complete description of Promela can be found in [3, 27].

3.1.1 Syntactical Constructs

Process Types Processes are instances of a proctype (process type) declared in the Promela

program defining the behaviour of the process. There are basically two ways to create processes
from proctypes: If the keyword active is used in front of a proctype declaration, Spin will
automatically create a process instance from it on start-up. The other method is to use the run

operator on a proctype name to start a new execution of that proctype from within an existing
process (which might be of the same type). In the initial state at least one process must be active,
thus at least one proctype must be declared active or the special notation for an init-process
must be used: init { ... }. Every running process has an unique identifier, stored in the
predefined local variable pid. In theory a system can consist of an arbitrary (finite) number
of processes, but Spin limits it to 255 running processes. Listing 3.1 gives the obligatory first
“Hello, World!” example in Promela code, using printf to show a message on screen.

23
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{

printf ("Hello , World !")

}

Listing 3.1: “Hello, World!” as a Promela program.

Variables, Assignments and Expressions Processes can keep and manipulate data stored
in variables. Depending on the fact whether they are declared inside or outside of a proctype,
their scope is either global, i.e., accessible from every process, or local, i.e., only accessible from
the process they belong to, respectively. Every instance of a proctype has its own copy of local
variables, independent from all other instances of the same proctype. Variables are declared in
a C-like syntax, e.g., int x = 5, providing a name, a type and optionally an initial value. All
variables store integer values - no floating-point numbers, no strings, etc. – but possibly from
different domains and thus with different memory demands, as specified by the type: bit and
bool ({0, 1} in one bit), byte ([0, 255] in one byte), short ([−215, 215 − 1] = [−32768, 32767]
in two bytes) and int ([−231, 231 − 1] in four bytes). The type unsigned allows to specify how
many bits of memory (n) should be allocated for a variable which then can store values from
[0, 2n − 1]. The type mtype can exactly once be declared with a list of literal symbols which are
internally represented by integers – comparable to enum data types in C. Variables for which no
initial value is provided are by default initialised to 0.

The value of variables can be changed by assignments to them, e.g., x = 2*x. The operators
which can be used in expressions for calculations (+, -, *, / (integer devision), % (modulo), etc.),
for comparisons (==, !=, <, >, <=, >=) and for logical combinations (!, &&, ||, etc.) are essentially
the same as in C. One difference is that the conditional expression

cond -> expr1 : expr2

uses -> in Promela instead of ? in C. However, there is no difference in the meaning: The value
of expr1 is returned iff cond holds, otherwise the value of expr2 is used. In general, conditional
expressions do hold when they evaluate to a value unequal zero. In particular, the constants
true and false are just names for the values 1 and 0, respectively. The results of comparisons
and boolean operators are represented in the same way. Listing 3.2 gives an example Promela

program using a local and a global variable.int aGlobalVariable = 5;active proctype MyFirstAutorunProcess()

{ int aLocalVariable; // default: 0

aLocalVariable = aLocalVariable + 2 * aGlobalVariable;

printf ("Result is: %d.\n", aLocalVariable)

// Output: Result is: 10.

}

Listing 3.2: Local and global variables in Promela.

Channels for Message Passing As already mentioned, processes do not only share global
variables but can communicate via channels as well. Channels have to be declared with a name, a
capacity (non-negative integer constant) and the structure of messages that are to be transported
using the following syntax:
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chan name = [ capacity ] of { type (, type)∗ }

Messages are n-tuples value1, . . . , valuen, where n ≥ 1 is the number of occurrences of types
in the channel declaration, such that valuei is of type typei for 1 ≤ i ≤ n. A message is send
along a channel name using the !-notation:

name!expression1, . . . , expressionn

The message contains the values resulting from the evaluation of the given expressionis. Analo-
gously, a message can be received by:

name?placeholder1 , . . . , placeholdern

In both cases the number and type of parameters must exactly fit to the message structure
defined in the channel declaration. For the placeholderis are typically variables used which store
the values of the incoming message. Within one receive statement every variable may be used at
most once. However, transmitted values that are not needed later on do not have to be stored
in variables. Instead, the symbol can be used as placeholder, even multiple times. Finally,
constant values can be given as placeholders somehow allowing to filter incoming messages: only
those messages can be received for which the value of the corresponding message field is equal to
the constant value. The value of a variable cannot be used as a filter directly by just giving the
variable name since that could syntactically not be distinguished from using the variable to store
the received value. As a workaround, the predefined function eval, which returns the evaluation
value of an expression or just a single variable, can be used. All three kind of placeholders can be
mixed within one receive statement. Listing 3.3 gives a small example of data transfer between
two processes whereas in listing 3.4 filtering is applied.chan SimpleChannel = chan [0] of { int };active proctype Sender ()

{

SimpleChannel!123;

}active proctype Receiver()

{ int x;

SimpleChannel?x;

printf (" Received: %d.\n", x);

// Output: Received: 123.

}

Listing 3.3: Synchronous transfer of 123 from Sender to Receiver which stores the received
value in its local variable x.mtype = { atA , atB , atC };chan DeviceBus = chan [3] of { mtype, bool };active proctype Controller()

{
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// Switch devices on

DeviceBus!atA ,true;

DeviceBus!atB ,true;

DeviceBus!atC ,true;

}active proctype DeviceB()

{ bool isOn = false;

// Receive on/off message

DeviceBus?atB ,isOn;

}

Listing 3.4: Asynchronous communication with filtering: DeviceB will not react to messages
whose first value is not atB.

Two types of channels can be distinguished: buffered (capacity > 0) and unbuffered (capacity
= 0) ones. Buffered channels can store up to capacity many messages in a FIFO manner and thus
allow asynchronous communication: a send statement is executable when the channel is not full, a
receive statement is executable when the channel is not empty (and the first message fits the filter
conditions, if present). Unbuffered channels cannot store message and thus require synchronous
communication: a send statement in one process is only executable when in another process
a receive statement for that message is executable at the same time. The Promela program
in listing 3.5 contrasts asynchronous and synchronous communication. Firstly, Sender must
write 1 to the buffered channel channelA. Secondly, Sender and Receiver can synchronously
communicate along channel channelS. Thirdly, Receiver can receive the buffered message from
channel channelA. If channel channelA is unbuffered as well, both process would stuck in the
initial state.chan channelA = [1] of { byte };chan channelS = [0] of { byte };active proctype Sender ()

{

channelA!1; // (1.)

channelS!2; // (2.a)

}active proctype Receiver()

{

channelS?_; // (2.b)

channelA?_; // (3.)

}

Listing 3.5: Asynchronous vs. synchronous communication.

Independent of buffered or unbuffered channels, communication is always binary, i.e., a mes-
sage is always send by one process and (for buffered channels somewhen later) received by exactly
one (for unbuffered channels: a different) process. Multiway communication from one sender to
many receiver processes is not directly possible with Promela. Using angle brackets around the
placeholders in a receive statement, e.g., name?< placeholders>, messages can be read from a
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channel without removing them from it but this does not do any bookkeeping about which pro-
cesses received the message. However, it might be that several processes are able to receive the
same message at the same time. Then a nondeterministic choice between the possible receivers
has to be made as the example in listing 3.6 demonstrates. It does not make any difference
whether a buffered or an unbuffered channel is used.chan channel = [1] of { byte };active proctype Sender ()

{

channel!22;

}active proctype Receiver1()

{ byte x;

channel?x;

}active proctype Receiver2()

{ byte x;

channel?x;

}

Listing 3.6: Nondeterministic binary communication: Either Receiver1 or Receiver2 receives
the message – but not both!

Using an unbuffered channel, a simple but powerful request-acknowledgment-mechanism be-
tween processes can be established as shown in listing 3.7. Note that, due to the fact that the
used channel requires synchronous communication between different processes, it is impossible
that either Client or Provider communicates with itself.mtype = { ping };chan channel = [0] of { mtype };active proctype Client ()

{

channel!ping;

// Wait for acknowledgment

channel?ping;

}active proctype Provider()

{

channel?ping;

// Do something ... Send acknowledgment

channel!ping;

}

Listing 3.7: Client request something from Provider and then waits for the acknowledgment.
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Scoping with channels is different to normal variables. A channel declaration actually does
two things: Firstly, it creates a new channel with the given capacity for messages of the specified
type. Each channel has an unique internal identifier. Secondly, it declares a variable of type chan
that stores the identifier of the new channel. Like with normal variables the scope of the channel
variable depends on where the declaration is placed. However, channels themselves are global
objects and can be used by every process knowing the respective channel identifier. Indeed it
is possible to transport channel identifiers along channels which allows dynamic communication
structures or mobility. Like with proctypes the number of channels is restricted by Spin to 255.
The size of buffered channels should be chosen carefully since a linear increase in the capacity
– or in general, in the amount of stored data – leads to an exponential increase of the induced
state space size (one aspect of the so-called state space explosion problem).

Executability of Statements The notion of executability of statements is very important
in Promela as this concept is the underlying principle of conditions. Statements are either
executable or blocked. While assignments can always be executed, the executability of send
and receive statements depends on the channel content or handshaking between processes as
described above. In Promela, expressions are statements as well and they are “executable”
– although without any side effect – iff they do not evaluate to zero. This allows to use both,
typical conditional expressions and statements like send and receive, as conditions. Furthermore,
a simple statement suffices to wait for a condition to come true, e.g., that a message could be
sent/received or that variables have certain values. Active waiting loops like “while condition
not fulfilled do nothing” are not necessary. With this method, simple synchronisation barriers
based on global variables can be implemented as the example in listing 3.8 shows.bool completedInitialisationOfA = false;bool completedInitialisationOfB = false;active proctype ProcessA()

{

// Do some initialisation ...

completedInitialisationOfA = true;

// Wait until process B has finished its initialisation

completedInitialisationOfB == true;

// Continue ...

}active proctype ProcessB()

{

// Do some initialisation

completedInitialisationOfB = true;

// Wait until process A has finished its initialisation

completedInitialisationOfA;

// Continue ...

}

Listing 3.8: Global variables used as barriers.

Like true, the “empty statement” skip is just a symbolic name for 1. Thus, both statements
are always executable, whereas false as synonym for 0 is never executable.
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Control Flow Like many other programming languages, Promela offers the possibility of
case selection (if) and repetitions (do). However, unlike with typical programming languages,
nondeterminism is possible.

The if-statement for case selection has the following syntax:

if

:: guard1 -> statements1

. . .

:: guardn -> statementsn

fi

After each :: a new branch of possible control flow is declared. The first statement of each
branch is called a guard since a branch can be chosen only iff its first statement is executable
(or, in case of an expression, if it does not evaluate to zero). The different guards do not have
to be mutually exclusive. When several branches have executable guards, one of them is non-
deterministically chosen. The order of branches does not matter. If no guard is executable, the
whole if-statement blocks until at least one guard is executable. For exactly one of the guards
the condition else may be used. It is executable iff all other guards are not executable. The
special separator -> is just syntactical sugar to highlight the first statement. Syntactically, the
guard is no special statement and the -> could be replaced by the normal statement separator ;.
Actually, the first statement does not have to be a condition at all. This way unconditional non-
determinism can be modeled as in the following example containing a random number generator
(between 1 and 3):active proctype RandomNumberGenerator()

{ int x;if
:: x = 1;

:: x = 2;

:: x = 3;fi;
printf (" Randomly chose number: %d.\n", x);

// Output: Randomly chose number: 1.

// or: Randomly chose number: 2.

// or: Randomly chose number: 3.

}

Listing 3.9: Random number generator using unconditional nondeterminism.

For repetitions the do-statement is used. Except for the keywords – do and od instead of if
and fi – the syntax is the same as for the if-statement. In each iteration one of the branches with
an executable guard is selected. As with if, a do-statement blocks when no guard is executable.
Again, for one guard else can be used. A loop can be terminated using break anywhere in the
branches. The following listing demonstrates how a factorial can iteratively be calculated:active proctype CalculateFactorial()

{ int x = 5;int factorial = 1;
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:: x > 0 -> factorial = factorial * x; x = x - 1

:: x == 1 -> breakod;
printf ("5! = %d.\n", factorial);

// Output: 5! = 120.

}

Listing 3.10: Iterative calculation of a factorial.

Finally, Promela allows to jump to program labels within one proctype using goto name.
Labels can be attached to statements (name: statement) and must be unique within every
proctype. goto can also be used to leave a loop.

Preprocessing Before Spin interprets a Promela program, a preprocessor is invoked on it.
It removes the functional irrelevant multi-line comments (/* ... */) and those which go to the
end of the line (// ...). Using #define ... names for constant values, expressions and even
parameterised macros can be declared as it is common practice in C. Every later occurrence of
the name in the code will be replaced by the defined text, adapting the parameters accordingly,
if given. In a similar way inline-functions are handled: They look like parameterised functions
but indeed every call of them is replaced by their body, replacing the parameter names with the
given parameters. Consequently, inline-functions must not directly or indirectly call themselves.
The syntax is a bit more convenient than that of #define-macros, but the latter ones are more
powerful as they can return a value (e.g., #define MAX(a,b) a > b -> a : b) and thus can
be used in expressions as well. Be careful with the usage and declaration of variables inside inline
functions and macros as they do not define a new scope.

Omitted Constructs Beyond the basic constructs of Promela introduced so far, many ad-
vanced ones exist. However, as they turned out to be not used by the translation of Slim

specifications to Promela programs, they are not discussed here. Some of those are:

• Parameters, priorities and provided clauses (which determine whether a process is active)
for proctypes.

• Special statements for asynchronous channels, like testing the number of contained mes-
sages (len, empty, nempty, full, nfull), sorted send (!!), random receive (??) and polling
(?[...]). Furthermore, channel assertions telling Spin that a certain process has exclusive
receiving (xr) or sending (xs) have no beneficial effects for unbuffered channels.

• Special statement timeout that becomes executable when the whole system blocks.

• The unless-block whose contained statements are executed – but not necessarily repeatedly
– until an aborting condition becomes executable.

• Arrays and typedef for user-defined records.

• End-state and progress-state labels to mark valid end states (for deadlock checking) or
states which are perceived as making progress (for identification of starvation/non-progress
loops).
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• Semantical details about the position of variable declarations and about the ordering in
which processes die.

The interested reader finds all details about these constructs in the literature referenced at the
beginning of this section.

3.1.2 Operational Semantics

The operational semantics of Promela defines for every Promela program a corresponding
transition system. The states reflect every possible execution state of the system, that is, all
combinations of values for program counters and local variables of every process and the content
of global variables and buffered channels. In Spin the data structure used to store a state is
called state vector and its size, the memory required to store one state, mainly depends on the
number and types of variables and channels used in the specification. In the initial state the
program counters point to the first statement in the body of the corresponding processes, the
variables are initialised (to 0 if no other value given in the declaration) and the channels are
empty. From a state a transition goes out for each statement that is executable in any of the
processes targeting at a state where the values of the program counters, variables and channels
are adapted according to the effect of the statement. This way every possible interleaving of
processes and every alternative in nondeterministic choices is considered. Except for handshaking
alias synchronous communication, which involves two processes, a transitions always reflects the
execution of exactly one executable statement in exactly one process.

To exemplify how transition systems for Promela programs look like, figures 3.1 and 3.2
sketch the transition systems for the Promela programs from listings 3.9 and 3.10, respectively.
For more details on the operational semantics of Promela, see [27, chapter 7]. A formal
semantics for a subset of Promela, called nanoPromela, can be found in [5].

3.1.3 Atomic Execution Blocks

Sometimes it is helpful when for a sequence of statements it can be guaranteed that their exe-
cution will never be interrupted and interleaved with the execution of another process, i.e., that
their execution is atomic. Promela allows this with the d step { statements } construct: the
enclosed statements are executed as an undividable unit. This can be used for an easy implemen-
tation of semaphores, e.g., to safeguard mutual exclusive access as used later on in listing 3.13.
However, several restrictions apply inside a d step-block:

• Except the first one, none of the statements may block. This is reasonable since the
only possibility that such a blocking statement becomes executable would be that another
process changes some global variable or channel content. This contradicts the objective of
atomicity.

• For the same reason, synchronous communication cannot be used. Sending and receiving
with buffered channels is in principle possible, but must be used carefully: as these state-
ments may not block as well, it must be assured that the channel is not full or empty,
respectively.

• Jumps into or out of a d step-block using either goto or break are not allowed.

• The statements are not only executed atomically but also deterministically. Thus, nonde-
terminism should not be used as Spin will always resolve it by choosing the first executable
alternative.
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0: x=0

1: x=1 1: x=2 1: x=3

x = 1 x = 2 x = 3

STOP: x=1 STOP: x=2 STOP: x=3

printf printfprintf

Figure 3.1: Transition system of the random number generator example from listing 3.9

0: x=5, f=1 1: x=5, f=1 2: x=5, f=5
x > 0 f = f * x

0: x=4, f=5

x = x-1

0: x=2, f=60 1: x=2, f=60 2: x=2, f=120
x > 0 f = f*x

0: x=1, f=120

x = x-1

3: x=1, f=120

x == 1

4: x=1, f=120

break

STOP: x=1, f=120
printf

Figure 3.2: Transition system of the factorial example from listing 3.10.
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Another advantageous effect of d step is, that the intermediate states resulting from the
stepwise execution of the contained statements are not generated. This way, the size of the
state space in the resulting transition system and thus the complexity of model checking can
be reduced. These missing intermediate states also explain why jumps are not possible. In
general it is good practice to place sequences of assignments to variables into a d step-block
whenever the intermediate states are not relevant for checking the correctness of the system.
Additionally, global variables which are used only locally inside d step-blocks and whose value
is irrelevant afterwards can be excluded from the state vector by declaring them as hidden,
possibly reduce the state space – which results from the combination of every possible content
for each variable and channel – further more. This is typically feasible for buffer variables like
the one in listing 3.11.hidden int buffer;active proctype Swap()

{ int x = 1;int y = 2;d_step
{

buffer = x;

x = y;

y = buffer;

}

}

Listing 3.11: Swapping the values of two variables. For state space reduction this is done inside
a d step-block and using a hidden buffer variable.

Another construct similar to d step exists in Promela: atomic { statements }. It does not
impose the same restrictions as d step but at the same time it is not that strong: atomicity is
guaranteed only until the first blocking statement is encountered, then other processes may in-
terleave. Consequently, the intermediate states must be generated and thus there is no beneficial
effect on complexity.

3.1.4 Embedded C-Code

Arbitrary C-code can be embedded into Promela programs (cf. [27, 25, 28]) and thus more
complex features, e.g., floating point variables, can be used. However, Spin itself cannot handle
embedded C-code directly and ignores it in simulations. Only in verification and simulation runs
performed by PAN embedded C-code is executed. In fact, it is simply copied into the generated
source code for PAN (see below).

Different premetives are used to embed C-code. First of all, a c code-block can contain
arbitrary C statements. All C statements inside are executed atomically once the block is reached
and thus result semantically in one state transition in the transition system. By definition, a
c code-block is always executable. Variables declared in the Promela program can be used in
the embedded C-code. However, the required notation depends on the scope of the variable: A
global variable x can be referenced by now.x. In contrast, a variable x which is locally declared
in a proctype called Name can be accesses from C-code embedded in that proctype by PName->x

(note the prefix P before Name).
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Inside c code-blocks new C variables can be declared but they are not stored inside the state
vector and thus cannot distinguish between different states. To include C variables into the state
vector they must be declared inside a special c state declaration and then accessed like global
variables. For the declaration of new data types at the beginning of the resulting C code for
PAN, c decl should be used.

As C-code embedded in c code is defined to be always executable it cannot be used for
conditions over C variables. Instead, a c expr-block must be used. It is executable (or “true”)
iff the contained C-code returns a value different from 0. However, this must be testable without
any changes to the current state, thus the C-code inside must be side-effect free. Listing 3.12
gives a simple example of how to use embedded C-code.c_state "float fraction"active proctype FloatingPointFraction()

{ int x = 7;c_code { now.fraction = PFloatingPointFraction.x / 2.0; };

// Result: fraction = 3.5if
:: c_expr { now.fraction > 3.0 } -> printf ("7/2 > 3\n")

:: else -> printf ("7/2 <= 3\n")fi
// Output: 7/2 > 3

}

Listing 3.12: Using embedded C-code in Promela.

Finally, some warnings on the usage of embedded C-code in Promela programs: The com-
pliance with the restrictions on executability and side-effect freeness as well as the proper dec-
laration of variables are not checked by Spin. Any error in those parts can lead to malfunction
or wrong model checking results. Furthermore, the possibility to use complex data types in em-
bedded C-code is tempting but the growth of state vector size and state space must be carefully
considered.

3.2 Model Checking with SPIN

Spin, the Simple Promela Interpreter, itself is no model checker but rather allows to simu-
late Promela programs. Simulations can help to understand what a Promela program does
and they might find some errors. During simulations nondeterminism must be resolved. In a
random simulation Spin randomly choses one alternative whereas in an interactive simulation
the user is prompted to make a decision. Finally, a simulation can be guided by an error trail
generated from an error that was found in a verification run. However, simulations do not suf-
fice to verify the correctness of a system specification as they do not systematically explore all
possible system states and execution paths. To this end, Spin can generate C-code for PAN,
the Protocol Analyzer, from the Promela program. This program, PAN, performs a complete
search through the system’s state space (nested depth-first search, cf. [30]) for the sake of verifi-
cation. If an error is found by PAN an error trail, describing the execution path to this error, is
written to a file.
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For verifying the correctness of systems, it is necessary to define which behaviour is desired
and which behaviour is incorrect, or: what the possible errors are. Therefor, Spin offers different
possibilities which are explained in the following subsections: assertions, never claims and LTL-
formulas.

3.2.1 Assertion-based Verification

The concept of assertions in Promela is the same as in other programming languages, like Java
or Python. When the execution reaches a statement assert(expression), it is checked whether
the condition in expression holds. If so, the execution is continued. Otherwise, simulation (Spin)
stops with an error message and verification (PAN) produces an error trail. Listing 3.13 shows
how it can be verified that the access of five identical processes to their critical sections is indeed
mutual exclusive.bool free = true;byte inCS = 0;active [5] proctype ProcessWithCriticalSection ()

{

// Enter Critical Sectiond_step { free; free = false; }

inCS = inCS + 1;

// Verify Mutual Exclusive Accessassert(inCS == 1);

// Leave Critical Section

inCS = inCS - 1;

free = true;

}

Listing 3.13: Verifying mutual exclusive access using assert.

The property “at any time at most one process is in its critical section” is a so-called invariant
as its validity can be checked by considering each reachable system state in isolation. Invariant
properties can be easily verified by adding a monitoring process to the Promela program which
contains only the invariant as an assertion, as shown in listing 3.14. This is much easier than
adding asserts after every statement in the Promela program that might affect the validity
of the invariance in question. However, for simulations it is in general not guaranteed that the
assertion in the monitor process is tested in the “right” moment, that is, when the invariant
is violated. But for verifications using PAN this is no problem since every possible execution
sequence, including those where the assertion is tested in a state where the invariant is violated,
is checked.bool free = true;byte inCS = 0;

#define mutex inCS <= 1active [5] proctype ProcessWithCriticalSection ()

{
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// Enter Critical Sectiond_step { free; free = false; }

inCS = inCS + 1;

// ...

// Leave Critical Section

inCS = inCS - 1;

free = true;

}active proctype Monitor()

{ assert(mutex)
}

Listing 3.14: Invariant monitor process for mutual exclusive access.

3.2.2 Never Claims

The verification of a system can be seen as a game between two players observing the system
behaviour: one player tries to proof the system’s correctness, the other tries to find a coun-
terexample. For Spin, this kind of a falsifier is called a never claim. It is an additional piece
of Promela code that is executed intertwined with the Promela program and tries to proof
the existence of an incorrect execution path. The basic rule is: If the never claim terminates
before every reachable system state has been visited, it wins. Otherwise – especially when the
never claim blocks – it loses, i.e., the system is correct. This suffices to check the validity of
safety properties. They claim that “never something bad happens” and thus finite execution frag-
ments which exhibit the unwanted behaviour suffice as counterexamples. In general, the “bad
behaviour” can be temporally distributed across several states, like in “never B occurs after A
happened”. Invariants are a special type of safety properties since for them the “bad behaviour”
reduces to the reachability of “bad states”. Listing 3.15 shows the never claim for an invariant
where badstate is a predicate defined in the Promela program which can identify bad states,
e.g., #define badstate inCS > 1. The definition of boolean predicates is necessary since never
claims cannot read the values of non-boolean variables from the Promela program.never

{

search :if
:: badstate -> goto done

:: true -> goto searchfi;
done:skip
}

Listing 3.15: Never claim for invariants.
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The never claim can continue searching forever due to the true-branch. But, as soon as a bad
state is visited, the never claim can terminate by jumping to the last dummy statement (necessary,
since there is no default “end” label) and thus wins. For finding errors it indeed suffices that the
never claim can win since every possible intertwined execution of Promela program and never
claim is considered in verification runs. The expression true could be replaced by !badstate

but that is not necessary!
For liveness properties, which say that “eventually something good happens”, the winning

condition of first termination does not suffice. The reason for that is that counterexamples for
liveness properties must be infinite executions on which never anything good happens. As the
state space induced by Promela programs is finite, infinite executions must contain cycles. Due
to this fact an additional winning condition is based on checking for cycles: The never claim wins
as well for executions for which it infinitely often executes a statement whose label starts with
accept. This is called an acceptance cycle. Listing 3.15 shows a correspondingly constructed
never claim where good is again a predicate defined in the Promela program. As soon as
something good happens, the never claim blocks. But, when an infinite execution is found where
never something good happens, infinitely often accept search is visited by the never claim and
thus it wins.never

{

accept_search:if
:: !good -> accept_searchfi;

}

Listing 3.16: Never claim for a liveness property.

One detail concerning counterexamples for liveness properties must be considered: Promela

allows to describe systems containing finite executions. When nothing good happens on those
finite executions they should be perceived as a counterexample as well. However, they obviously
cannot contain an acceptance cycle since they are finite. To solve this problem, the finite exe-
cution is extended to an infinite one by stuttering: the last state of the execution is repeated ad
infinitum. The never claim must be constructed in a way that it can handle this artificial cycling
in the last state, i.e., it must make sure that an accept-label is seen infinitely often.

3.2.3 LTL Model Checking

A more convenient way to define desired properties of a system is to specify them in Linear
Temporal Logic (LTL). The automata theoretical approach, developed by Vardi and Wolper in
[41], to check whether a system, given as a transition system model TS, satisfies a property, given
as an LTL-formula ϕ, is to transform the negation of the property into an Büchi automaton A¬ϕ,
construct the synchronous product TS ⊗ A¬ϕ and check whether its ω-language is empty, i.e.,
that no reachable accepting state lies on a cycle. Spin does something similar: A given LTL-
formula1 is translated to a never claim, which is an implementation of the corresponding Büchi
automaton, by a method described in [20]. Then PAN is generated to execute the Promela

program and the never claim in parallel, like the synchronous product. However, PAN does
model checking on-the-fly, that is, it does not generate the whole state space before the search
but step by step during the search.

1The LTL-operator Next is not allowed since it might destroy stutter-invariance of properties.
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An important issue for model checking of distributed systems without any knowledge about
the relative speeds of processes is fairness : Fairness assumptions basically say that none of the
processes dominates and thereby they exclude the unrealistic but theoretically possible behaviour
that among two processes which could execute a statement always the same process is chosen
and never the other. By default, Spin does not take fairness assumptions into consideration but
it supports weak fairness.

3.3 Advanced Techniques to Improve Efficiency of Model

Checking

For the applicability of model checking the two critical key figures are time and – even more
important since it is a limited hardware resource – memory consumption. During a complete
verification run, Spin (precisely, the generated PAN) generates all states reachable from the
initial state in a depth first search (cf. [30, 20]). Whenever a successor state is explored, Spin

checks whether it has been visited already and if so, it backtracks. This recognition obviously
requires that every visited state is stored. For a transition system with |S| many states and a
state vector size, that is, the memory that is required to store all information about one single
state, of |StateV ector|, the memory requirement for a complete search is |S| ∗ |StateV ector|. To
reduce the time which is needed for checking whether a state s has already been visited, PAN

stores the states in a hash table. Then the state s has to be compared only to those states s′

with hash(s) = hash(s′).
To increase the efficiency of model checking, the state space and the state vector size should

be as small as possible. Besides a careful development of the model and its Promela implemen-
tation (e.g., ignoring as much irrelevant aspects as possible, choosing the smallest possible data
types and channel capacities, etc.), some optimisations can be performed by Spin itself (cf. [27,
chapter 9]). However, in general there is a trade-off between a reduction of memory demands
and an increase in run time.

3.3.1 Reduction of the State Space

The operational semantics of Promela states that every possible interleaving of processes is to
be considered – with the consequence that many different execution paths exist in the resulting
transition system. However, many of those paths have in principle the same effect since the order
of so-called independent operations is irrelevant. For example, consider two processes P1 and
P2 with an assignment to x and y, respectively. When the assignments do not read the other
variable and when both variables are not compared in the property which is to be model checked
then there is no data dependence between the variables. Hence, it is irrelevant which process
performs its assignment first, the operations are independent. Spin’s algorithm for partial order
reduction [29] tries to identify executions which differ only in the order of independent operations
and to eliminate all but one of them.

The same idea is the basis of statement merging but this method is limited to local optimi-
sations inside one proctype. In principle it adds d step-blocks around sequences of statements
that only affect the behaviour of that proctype, e.g., a sequence of assignments to local variables.

Both methods share the need to identify which operations are independent or local, respec-
tively. Some of the more advanced language constructs (e.g., provided clauses and remote
references) hinder this and are thus incompatible with those methods. Furthermore, the con-
sidered properties must be stutter-invariant and to guarantee that, the Next operator is not
allowed in LTL-formulas. As long as none of these incompatible elements is used, both methods
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are proven (cf. [15, 17]) to preserve model checking results and are thus enabled in Spin by
default.

3.3.2 Reduction of the State Vector Size

One approach is to compress the information stored in the state vector. To this end, typical
subsequences in the state vector that do not highly correlate with other parts are identified.
These subsequences are stored once together with an unique identification number which then
replaces every occurrence of that sequence in any state vector. The sequences which contain
the values of local variables for each process are typically low correlated. By sharing the stored
sequences between state vectors collapse compression reduces the overall amount of required
memory.

Another approach is to use a symbolic method for the storage of states, like OBDDs (ordered
binary decision diagrams) which are used for symbolic model checking [33]. In Spin a minimized
automaton [31] can be used to represent the set of state vectors encoding states that have already
been visited. A state vector is just a finite sequence of bytes, in other terms: a word over an
alphabet with 256 different symbols. Thus, a (finite) set of state vectors is nothing else than a
regular language which can be described by a unique minimal finite state automaton. All state
vectors which lead from the initial to the accept state in this automaton belong to states which
have already been visited, the others were not. Whenever PAN explores a new state that was
not visited before it extends the automaton and minimizes it again so that the corresponding
state vector will be accepted. The minimized automaton can exponentially reduce the memory
requirements of model checking but unfortunately leads to an considerable increase of run-time
as well.

Both methods presented for the reduction of the state vector size so far are lossless, that is,
all information describing a state is exactly stored. Hence, the results of model checking stay
unchanged. It even makes sense to combine both methods. However, due to the memory vs.
run-time trade-off Spin must be explicitly told to make use of them. Additionally, Spin allows to
use lossy reduction methods which store only partial information about the visited states. This
can tremendously reduce the memory requirements without an increase of run-time. Though,
a complete search of the state space cannot be guaranteed any more since a state that has not
yet been visited but which has the same representation as an already visited state will not be
explored. Worse, all successor states of it are possibly not visited as well when no other branch
of the depth first search explores them. As a consequence, lossy methods do not preserve the
model checking results but are rather a proof approximation: If a counterexample is found it will
be correct (no false negatives), but if no counterexample is found nothing can be said about the
validity of the property (false positives are possible).

As mentioned above, PAN stores the state vector of a state s in a hash table at slot hash(s).
As long as no hash collisions occur, it suffices to store one bit for every possible hash value which
indicates whether a state hashing to it has been visited. This is what Bitstate Hashing [24],
sometimes called Supertrace, does. However, as soon as two states s and s′ are explored with
hash(s) = hash(s′), that is, a hash collision occurs, this method becomes lossy. By using different
hashing functions at the same time the possibility of collisions in all of them can be reduced.
Another approach using hashing is Hash Compact [45]: It does not store bits for each possible
hash value but only the hash values of visited states.
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Chapter 4

Translation to PROMELA

Programs

Starting from the root component every control component instance c ∈ CCmp is translated
to exactly one proctype implementing the component’s behaviour. By declaring it active, one
process will be automatically instantiated from it by Spin. The values of data elements are
stored in global variables. Additionally, one globally declared unbuffered channel per component
is used for synchronous communication between the component and its supercomponent. The
different modes m ∈ Mod(c) of a component are represented by program labels mode m, each
followed by a do-loop which implements all actions, such as taking a transition, and reactions,
like updating outgoing data ports on receiving new values for the incoming data ports, that are
possible in mode m. When nothing can or is to be done, the do-loop blocks, always ready to
react on changes.

4.1 Proctypes for Components

For a control component c ∈ CCmp the code in listing 4.1, later referred to as Proctype(c),
must be generated. The details, indicated by placeholders parameterised with component c and
typically one of its modes m ∈ Mod(c), are given in the following subsections.

To distinguish between variables and proctypes generated for different component instances
c ∈ CCmp, their names contain the access path to c. Since the dot (.), used to separate
identifiers in access paths, is not allowed in Promela identifiers, it is replaced by an underscore
( ). However, this requires that underscores are eliminated in advance from all subcomponent
identifiers occurring in the specification, that is, in the Slim model and in the properties. The
underscore access path of a component c ∈ CCmp is in the following denoted as UAccessPath(c).

For the proctype generated for a control component c it does not suffice to take simply
UAccessPath(c) as its name since Spin can handle only proctype names no longer than 55 char-
acters. To guarantee unique names, every proctype is prefixed with a unique number followed by
the underscore access path, which just serves readability and understandability of the generated
code. The whole resulting name, denoted ProctypeName(c), is then truncated to length 55.

43
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GlobalVariables(c)

active proctype ProctypeName(c)
{

Initialisation(c)

For every mode m ∈ Mod(c):
mode m:

do

ProactiveTransitions(c, m)
MultiwayEventCommunication(c, m)
DataPortUpdates(c, m)
ActivationHandling(c, m)

od;

}

Listing 4.1: Structure of the code generated by Proctype(c) for one control
component c ∈ CCmp.

4.2 Global Variables for Components

The values of the component’s data elements, that is, of incoming and outgoing data ports de-
clared in the component type typ(c) as well as of data subcomponents declared in the component
implementation imp(c), are stored in global variables. Since other components can have data
elements with the same names (Dat(c) ∩ Dat(c′) 6= ∅ is possible for different c, c′ ∈ CCmp), it
is necessary to include the access path to the component which they belong to in the variable
name. Furthermore, a prefix distinguishes between the different kinds of data elements: idp,
odp and dsc for incoming data ports, outgoing data ports and data subcomponents, respectively.
This helps to understand the resulting source code and its connection to the Slim specification,
but as IDPrt(c), ODPrt(c) and DSub(c) are pairwise disjoint this distinction is not necessary.
However, the difference in the prefixes Store and New is crucial since some data elements need a
second variable for buffering new values. Buffering of outgoing data ports is needed to allow the
fixpoint iteration used for updating data ports to compare new (buffered) values of an outgoing
data port to its old (stored) one (cf. section 4.6). A data subcomponent dsc ∈ DSub(c) needs
to be buffered only when a transition effect exists that assigns to dsc before it is read the last
time. The predicate MustBeBuffered(c, dsc), as defined in section 4.4.4, provides the information
whether this is the case. For simplification of following definitions, a further predicate indicates
whether a buffer variable for a data element d ∈ Dat(c) exists:

IsBuffered(c, d) := d ∈ ODPrt(c) ∨
( d ∈ DSub(c) ∧ MustBeBuffered(c, d) )

Table 4.1 summarises the different kinds of global variables and the names used for them.
Furthermore, it defines the placeholders DataStoreVar(c, d) and DataBufferVar(c, d) which stand
for the name of the storage and buffer variable, respectively, corresponding to the data element
d ∈ Dat(c) in a component c ∈ CCmp.

During the generation of the Promela code for a control component c ∈ CCmp not only
the variables for data elements of that component are used but also those for incoming and
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Data Element DataStoreVar(c, d) DataBufferVar(c, d)

Incoming Data Port idpStore UAccessPath(c) d -
Outgoing Data Port odpStore UAccessPath(c) d odpNew UAccessPath(c) d

(exists always)
Data Subcomponent dscStore UAccessPath(c) d dscNew UAccessPath(c) d

(iff MustBeBuffered(c, d))

Table 4.1: Names of global storage and buffer variables for data elements d ∈ Dat(c) of control
components c ∈ CCmp.

outgoing data ports dp ∈ DPrt(c.csc) ⊂ Dat(c.csc) of its control subcomponents csc ∈ CSub(c).
To avoid additional case distinctions in the presented code the following notation is introduced
for convenience:

DataStoreVar(c, csc.dp) := DataStoreVar(c.csc, dp)
DataBufferVar(c, csc.dp) := DataBufferVar(c.csc, dp)

In the declaration of a variable not only its name but also its type must be given. To this
end, Slim data types must be matched to Promela data types which are at least as expressive
as the Slim ones. However, to keep memory demands as low as possible, the expressivity should
be as close as possible to the Slim data types. In the following, PromelaType(typ(c, d)) stands
for the Promela type corresponding to the Slim type typ(c, d) of a data element d ∈ Dat(c) as
stated in table 4.2. Literals used in enumeration data types are mapped to integer values. The
exact integer data type used depends on the required expressivity, i.e., the number of different
literals, as described in subsection 4.2.1. To abstract from this detail the symbol enumIntType is
defined with the concrete type. Note that Slim-reals are indeed translated to Promela-ints –
the reason for that is discussed in subsection 4.2.2. Besides, note that Slim’s data types clock

and continuous could be translated like reals but since timed behaviour is not supported by
the Promela translation, this is not done.

Slim data type Promela data type

bool bool

enum(id1 ,. . ., idn) enumIntType

int int

real int

[l..u] int

clock -
continuous -

Table 4.2: Mapping of Slim data types to Promela types.

In addition to the variables for the data elements another global variable

ModeVar(c) := nominalMode UAccessPath(c)

is used to store the current mode of the component. This is not necessary for the correct operation
of the proctype, since that is based on the mode labels, but is needed later to allow reasoning
about modes in properties (cf. section 5.1). Mode identifiers are represented using integers in the
same way as it is done for enumeration data types but instead of enumIntType the self-defined
type modeIntType is used.
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Finally, for the synchronous communication between a control component c ∈ CCmp and its
supercomponent a global unbuffered channel variable

Channel(c) := channel UAccessPath(c),

is declared. The messages contain two values: Firstly, one mtype describing the conveyed message
itself and secondly an int for additional parameters, if needed. At the beginning of the Promela

program (cf. section 4.9), the following message types are defined:

mtype = { update, invalidate, trymultiway,

activate, deactivate, reset };

All together, for a component c ∈ CCmp, GlobalVariables(c) generates the Promela variable
declarations shown in listing 4.2.

chan Channel(c) = [0] of { mtype, int };
modeIntType ModeVar(c);

For every data element d ∈ Dat(c):
PromelaType(typ(c, d)) DataStoreVar(c, d);
If IsBuffered(c, d) add:
PromelaType(typ(c, d)) DataBufferVar(c, d);

Listing 4.2: Variable declarations generated by GlobalVariables(c).

4.2.1 Integer Constants for Symbolic Identifiers

Symbolic names occuring in the specification – such as identifiers used in enumeration data types,
for modes and for event ports – are handled in the Promela code by mapping them to unique
integer identifiers. To increase readability of the generated Promela code, symbols consisting
of a prefix and the original symbolic name – enum id for id ∈ Enums and modeID m for m ∈ Mod
– are defined using #define in the beginning of the program (cf. section 4.9).

In general, to allocate as little memory as possible for the representation of symbolic names
collected in a set S, the concrete integer data type used depends on the cardinality |S|, i.e.,
the number of different names. For a cardinality card ∈ N0 the function IntType(card) returns
the appropriate Promela integer data type. The 32-bit int is the largest integer data type
directly supported by Spin. Since an upper bound of 232 = 4, 294, 967, 296 different symbolic
names is expected to suffice for most of the realistic Slim specifications, no additional effort –
e.g., combining several integer values – is made in the translation to extend it.

IntType(card) :=







bit , 0 ≤ card ≤ 2 = 21

byte , 3 ≤ card ≤ 256 = 28

short , 257 ≤ card ≤ 65, 536 = 216

int , 216 + 1 ≤ card ≤ 232

error , otherwise

For the mapping of elements from S to an integer value an arbitrary but fixed ordering –
without loss of generality for the implementation the lexicographic order is chosen for event
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ports while enumeration and mode identifiers are in the order of their first occurrence in the
specification – of S is assumed so that every element e ∈ S has a position 0 ≤ pos(e, S) < |S|.
Basically, an element e ∈ S is represented by the integer value pos(e, S) resulting in a sequence
0, 1, 2, . . .. However, with the Promela data types short and int negative values must be used
when the largest positive number that is representable with the respective data type is reached.
The function MaxPos returns this value for a set S by employing IntType(|S|) to differentiate
between the integer data types.

MaxPos(S) :=







1 , IntType(|S|) = bit

255 , IntType(|S|) = byte

32, 767 , IntType(|S|) = short

231 − 1 , IntType(|S|) = int

error , otherwise

With those means, the function IntValue, mapping an element e ∈ S to its integer represen-
tative, can be formally defined:

IntValue(e, S) :=







pos(e, S) , 0 ≤ pos(e, S) ≤ MaxPos(S) 6= error

−(pos(e, S) − MaxPos(S)) , error 6= MaxPos(S) < pos(e, S)

error , otherwise

The translation always distinguishes between enumeration identifiers and modes, i.e., there
are different mappings. Consequently, different identifiers can have the same integer representa-
tion and vice versa, e.g., enum abc is 1 but modeID abc is 3. This explains – besides avoiding
name clashes with variables and labels – why prefixing is necessary. The advantage of keeping
the mappings separate is that in general the memory requirements can be reduced: Representing
two modes and two different enumeration identifiers can be done with one bit each. Combining
them results in four different names which requires a byte.

For event ports two specifics apply as far as the concrete implementation is concerned: First
of all, no symbols are defined for them but the integer value is directly used in the messages
(cf. section 4.5). Secondly, always the type int is used. This does not unnecessarily require
memory in the state vector since integer representatives of events are never stored but only
used as parameters in synchronous communication. The mapping of event ∈ EPrt to an unique
integer identifier is formally defined by:

EventNumber(event) :=







pos(event,EPrt) , 0 ≤ pos(event,EPrt) ≤ 231 − 1

−(pos(event,EPrt) − 231 + 1) , 231 − 1 < pos(event,EPrt) ≤ 232

error , otherwise

4.2.2 Handling of Reals by Embedded C-Code

Since Spin/Promela themselves do not support floating point values, data elements d ∈ Dat(c)
of type real are realised by embedding C-code into the Promela program using the language
constructs described in section 3.1.4. However, instead of declaring the variables for such data
elements as C-floats (4 byte) using the c state primitive, a normal Promela variable of type
int (4 byte) is declared. By using a typecasting trick, float values can be written to and read
from such a variable. For a global Promela-int variable x this looks as follows inside the
embedded C-code: *( (float *) &(now.x ) ).
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Note that typecasting on the pointer level is indeed necessary – explicit typecasting on the
value level does not yield the desired result as it changes the value! Yet, why is this additional
effort made instead of directly using C-floats? The advantage of declaring the variables as
normal Promela ones is, that this allows to check for equality and to copy values of Slim-reals
as well as resetting them to 0 using normal Promela code, as it is done in the translation of
transition effects (cf. section 4.4.4) and of data port updates (cf. section 4.6), both involving
buffering. This is possible, since for equality checking and copying only the sequence of bits
stored in a variable matters – but not their interpretation. Furthermore, the representation of 0
is identical for ints and floats: every bit is 0.

Floating point constants in C-code are by default interpreted as doubles (8 byte) which
causes trouble when assigning them to a float variable (4 byte). Thus, for constants the desired
type must explicitly stated by adding the suffix f, e.g., 3.5 becomes 3.5f. For integer constants
– which are allowed as constants for Slim-reals – this does not work. As a workaround for this
case, the suffix .0f is added, e.g., 3 becomes 3.0f.

4.2.3 Translation of Assignments

Assignments d := expr from a Slim specification, e.g., transition effects and flows, can – except
for assignments to real variables – simply be translated to Promela assignments: The left hand
side of the assignment, identifying a data element d ∈ Dat(c), is translated to the corresponding
variable. The details of translating the expression expr on the right hand side of the assignment
are given in the following subsection.

During the translation of a control component c ∈ CCmp to Promela, assignments to
incoming and outgoing data ports of c, to data subcomponents of c and to incoming data ports of a
control subcomponent csc ∈ CSub(c) of c occur, that is, to a data element d ∈ Dat(c)∪csc∈CSub(c)

IDPrt(c.csc). In general, two kinds of assignments must be distinguished: unbuffered ones,
writing to a storage variable, and buffered ones, writing to a buffer variable. Therefore, the
following two placeholders are defined:

UnbufferedAssignment(c, d, expr) := DataStoreVar(c, d) = Expression(c, expr);
BufferedAssignment(c, d, expr) := DataBufferVar(c, d) = Expression(c, expr);

Two special situations must be handled in a slightly different way: First, on assigning an
integer value x to an data element d of the integer range data type [l..u], the Slim semantics
requires a modulo calculation to adapt the value so that it fits into the given bounds: d is
assigned the value of the expression ((x − l) mod (u − l + 1)) + l. Second, assignments to data
elements of type real are done inside a c code-block, applying the typecasting trick introduced
in the previous subsection and considering the different way of accessing variables from embedded
C-code. For example, the buffered assignment doubling the value of a real data element d in a
component c is realised as follows:

c code {
*( (float *) &(now.DataBufferVar(c, d)) ) =

2.0f * (*( (float *) &(now.DataStoreVar(c, d)) ))

}
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4.2.4 Translation of Expressions

For the translation of Slim expressions expr, occurring in the context of a control component
c ∈ CCmp, to Promela, the placeholder Expression(c, expr) is used. Instead of giving a rather
involved formal definition of this placeholder, this subsection textually describes all important
aspects.

Translating an expression means in the first place adapting operators. Most of the Slim

operators do exist in Promela and C as well, some with a slightly different notation. However,
for the boolean operators iff, xnor, imp and xor no adequate counterparts exist. Hence, they
are translated to their defining boolean expression containing only the basic boolean operators.
The details of translating operators are given in table 4.3.

Slim Promela/ C

+ +

- -

* *

/ /

mod %

= ==

!= !=

< <

> >

<= <=

>= >=

not !

and &&

or ||

x iff y (x && y) || (!x && !y)

x xnor y (x && y) || (!x && !y)

x imp y (y || !x)

x xor y (x && !y) || (!x && y)

“case” “->” / “?”

Table 4.3: Mapping of Slim operators to Promela and C operators.

A different approach is necessary for the special Slim operator case. The expression

case b1:e1; b2:e2; . . .; bn:en otherwise e0 end

returns the value of expression ei for the first, i.e., the smallest, 1 ≤ i ≤ n for which bi is true

– or of e0 if no such i exists. It is translated to Promela using nested conditional expressions
maintaining the correct order:

b1 -> e1 : ( b2 -> e2 : ( . . . ( bn -> en : e0 ) . . . ) )

For a translation to C, -> simply has to be replaced by ?.
Another issue in translating expressions is the handling of identifiers and constants occurring

in it. Identifiers of data elements id ∈ Dat(c) are transformed to reading accesses to the cor-
responding storage variable DataStoreVar(c, id), whereas identifiers of enumeration data types
id ∈ Enums(c) are translated to the symbol enum id which was defined for it. Which case applies
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for an identifier is always determined since the syntactic restrictions D-5 and F-14 (cf. [37]) guar-
antee that the identifiers for data elements and the identifiers used in enumeration data types are
disjoint within each component. Integer constants can directly be reused but for real constants
a suffix as described in section 4.2.2 must be added.

If (a part of) an expression is translated to embedded C-code, any variable access must be
prefixed with now. as stated in section 3.1.4 introducing embedded C-code. An expression
on the right hand side of an assignment to a data element of type real must obviously be
translated to embedded C-code. The translation of assignments takes care of this using c code

as seen in the previous subsection. However, even if no assignment to a real is considered, in
particular when guards are checked, subparts of the expression might still require to be evaluated
in embedded C-code. For example, a control component c might set its outgoing data port
isWorking ∈ ODPrt(c) of type bool depending on the power supply, modeled as an incoming
data port power ∈ IDPrt(c) of type real, and the status of a power switch, modeled as a data
subcomponent switch ∈ DSub(c) of type bool, by using a flow expression like isWorking :=

power >= 3.5 and switch. Instead of translating the whole assignment to embedded C-code,
only the boolean subexpressions using reals are evaluated in embedded C-code using c expr.
For the mentioned example this yields:

DataBufferVar(c, isWorking) :=

c expr { now.DataStoreVar(c, power) >= 3.5f }
&& DataStoreVar(c, switch)

Finally, one rather technical remark: A transition guard g is nothing else than an expressions
and thus is translated using Expression(c, g) (cf. section 4.4). However, a guard might be empty,
restricting the enabledness of a transition not at all. In that case, Expression(c, g) simply returns
true.

4.3 Initialisation

The variables storing the data elements must be initialised to their default values. If no default
value is given, Spin’s default value is 0. However, the initialisation does not take place when the
process is instantiated, i.e., in the initial state of the Promela program. Instead it is postponed
until the component is activated for the first time. Recall, that the activation of subcomponents
can depend on the mode of their supercomponent. In order to activate a subcomponent, the
supercomponent sends the message activate to the corresponding process (cf. section 4.7 on
activation handling).

Upon receiving the activation message, the data elements are initialised. To reduce the
state space, all these assignments are subsumed in one d step-block. For the same reason the
assignment to the mode variable is already included in this block as well. For outgoing data
ports are not only the unbuffered variables initialised but also the buffered variables to cut short
the first fixpoint iteration. Since data subcomponents are reset on reactivation anyway, only
those variables corresponding to data subcomponents active in the component’s start mode are
initialised. As data ports are always active, Dat(c, stm(c)) contains exactly the data elements
which are considered during initialisation. The buffer variables for data subcomponents, unlike
those for outgoing data ports, are not initialised since they are needed only locally inside d step-
blocks, realising transition effects, for buffering assignments of new values to data subcomponents
whose old values are read somewhen later in the same effect (cf. MustBeBuffered as defined in
section 4.4.4).

On activation of a component, not only its data elements must be initialised, but its control
subcomponents which are active in the component’s starting mode, i.e., csc ∈ CSub(c, stm(c)),
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must be activated as well. This is done by sending activate messages to the corresponding
processes. To guarantee that the subcomponent is activated an acknowledgment is awaited.
This acknowledgment is again an activate message along the same channel but this time the
roles of sender and receiver have changed. Due to the fact that the channel is unbuffered, i.e.,
communication is synchronous, the process cannot receive its own message as acknowledgment.

Finally, in the same manner as the control subcomponents do, an acknowledgment that the
activation has been completed is send to the supercomponent just before the process jumps to
the mode label of its starting mode stm(c).

Overall, Initialisation(c) generates the code shown in listing 4.3. The whole initialisation
code is prefixed with the label FirstActivationOrReactivationWithoutModeHistory which
allows its reuse when a component is reset or when a component without mode history (starting
mode is of type activation, not initial) is reactivated, cf. section 4.7 on activation handling.
To ensure that no mode label with the same name exists, mode labels were prefixed by mode .

FirstActivationOrReactivationWithoutModeHistory:

// Wait for activation

Channel(c)?activate, ;

// Initialise data elements active in start mode

d step {
For every d ∈ Dat(c, stm(c)) with dfl(c, d) 6= ⊥:
UnbufferedAssignment(c, d, dfl(c, d));
If d ∈ ODPrt(c):
BufferAssignment(c, d, dfl(c, d));

ModeVar(c) = modeID stm(c);
}

// Activate control subcomponents active in start mode

For csc ∈ CSub(c, stm(c)):
Channel(csc)!activate, 0;

Channel(csc)?activate, ;

// Send activation acknowledgment

Channel(c)!activate, 0;

// Jump to start mode label

goto mode stm(c);

Listing 4.3: Code generated by Initialisation(c).

4.4 Proactive Transitions

At a first glance, the translation of transitions seems rather straight forward: Each transition
starting from a mode m ∈ Mod(c) becomes a branch in the do-loop under the mode label
mode m. Only transitions whose guard evaluates to true can be taken. This is realised by using
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the guard expression as the first statement in each branch. That yields the desired effect since the
executability of the first statement determines in Promela whether the branch can be chosen.
The rest of the branch consists of assignments according to the transitions effects and finally
a jump to the mode label of the transition’s target mode. Nondeterminism in the transition
relation does not require any extra effort since the do-loop in Promela is nondeterministic as
well. However, the Slim semantics contains some less obvious demands for adaptation in the
course of taking a transition:

• Data subcomponents which are reactivated by the transition, i.e., they were not active in
the source mode but are active in the target mode, have to be reset to their default value.

• Data ports which were targets of data port connections or flows in the source mode but
are not in the target mode have to be reset to their default value as well.

• Assignments to data elements must be buffered whenever the data element occurs on the
right hand side of a subsequent assignment in the same transition effect.

• The activation status of control subcomponents has to be adapted with respect to the
target mode of the transition.

Additionally, the trigger of the transition must be considered as well. Three types of transitions
can be distinguished by their trigger:

• No trigger, formally τ . Whether they can be taken depends only on their guard and thus
we call them proactive transitions.

• An own outgoing event port or an incoming event port of a control subcomponent as trigger.
Those transitions can be taken only when at least one other component can receive this
event by synchronously taking a transition. Due to the fact that these transitions somehow
start a request for multiway event communication we refer to them as master transitions.

• An own incoming event port or an outgoing event port of a control subcomponent as
trigger. Those transitions can be taken only when the trigger is received from an other
component. They are the counterpart of master transitions by reacting to the request for
multiway event communication and are thus called reactive transitions.

All three types of transitions share the principle steps which are described in this section on
proactive transitions. In the next section on multiway event communication the extended imple-
mentation details for master and reactive transitions are described.

Finally, one technical problem has to be solved: The semantics of Slim transitions is – except
for handshaking in multiway event communication – atomic, that is, two components cannot take
a transition independent from each other at the same time. To this end, the macros nt(guard)

and fT, as described in section 4.4.1, are used.

Before all implementation details are given, listing 4.4 provides an overview of the code
generated by ProactiveTransitions(c, m). To avoid the generation of intermediate states all as-
signments to variables are bundled in one d step-block. The release of the semaphore by calling
fT is not missing but hidden by sending the invalidatemessage to the supercomponent in order
to notify it about possible changes in the values of the component’s outgoing data ports. The
details on that are described in section 4.6 on data port updates.
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For (ms, t, g, f, mt) ∈ MTr with ms = m and t = τ :
:: nT(Expression(c, g)) ->

d step {
ResetReactivatedDataSubcomponents(c, ms, mt)
ResetDisconnectedDataPorts(c, ms, mt)
Effects(c, f)
ModeVar(c) = modeID mt;

}
AdjustActivationOfControlSubcomponents(c, ms, mt)
Channel(c)!invalidate, 0;

goto mode mt;

Listing 4.4: Code generated by ProactiveTransitions(c, m).

4.4.1 Ensuring Atomicity of Transitions

A simple way to guarantee the atomicity of Slim-transitions in the Promela translation would
be to include all statements for taking a transition into one d step or atomic-block. Unfor-
tunately, d step is too strong because it forbids synchronous communication and jumps while
atomic is not strong enough since atomicity is not guaranteed once a blocking statement, here
again the synchronous communication, is found. Alternatively, a semaphore, implemented as
atomic test and set of the global variable gflagGoNextTransition, is used (cf. mutual exclusion
as discussed in section 3.2.1). Requesting the semaphore must be the first statement in every
do-branch corresponding to a transition. In particular, the guard must not be evaluated before
the semaphore is retrieved: On the one hand, it must be guaranteed that no other transition
changes the validity of the guard by changing some data between checking of the guard and re-
trieving the semaphore. On the other hand, artificial deadlocks which were not contained in the
Slim specification could be introduced this way. For example, consider two components c1, c2

and let the corresponding processes pass the checking of guards for one of their transitions. Now,
assume c1 retrieves the semaphore and tries to start synchronous communication with c2. In
result, the whole system blocks since c2 cannot participate in the synchronous communication as
it still waits for the semaphore. One could draw the conclusion that the guard is to be checked
simply after the semaphore is retrieved. To avoid blocking in case the guard does not evaluate
to true, an additional if statement with else branch must be used. This works fine but leads
to the generation of some unnecessary states. A better solution is to test the availability of the
semaphore and to check the guard at the same time by using the boolean conjunction of them
as the first statement in the do-branch of a transition. This yields the desired effect, that the
branch can only be chosen for execution when both holds, the semaphore is available and the
guard evaluates to true. Of course this combined test must be performed in one atomic step with
the assignment to the flag variable. For a better understanding of the generated Promela code
a macro nT (“next transition”), parameterised with the guard expression, is defined for that. It
is executable iff the semaphore could be retrieved, i.e., gflagGoNextTransition was false, and
the guard evaluates to true:

#define nT(guard) d step { \

guard && !gflagGoNextTransition; \

gflagGoNextTransition = true }
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The counterpart of nT is the macro fT (“free transition semaphore”) which simply sets the
global flag variable to false:

#define fT gflagGoNextTransition = false

4.4.2 Resetting of Reactivated Data Subcomponents

Data subcomponents dsc ∈ DSub(c) in a component c ∈ CCmp which were not active in the
source mode ms of a transition, i.e., dsc 6∈ DSub(c, ms), but are active in the target mode mt,
i.e., dsc ∈ DSub(c, mt), are reset to their default value. The default value dfl(c, dsc) of those
data elements exists since this is syntactically required (cf. [37, page 16]). It is important that
the assignments of the default values to reactivated data subcomponents are placed before the
assignments originating from the transition effect to make sure that transition effects are not
overwritten by the default values. Indeed the reset could be omitted for those data subcompo-
nents to which an assignment exists in the transition effects. However, as all assignments take
place inside on d step-block this additional effort could not save any state and thus is not taken.
The default value can always be assigned directly to the unbuffered variable DataStoreVar(c, dsc),
as it is done by UnbufferedAssignment(c, dsc, expr), since the transition effects may never read
values from data elements reactivated by the transition.

The placeholder ResetReactivatedDataSubcomponents(c, ms, mt) stands for the code shown in
listing 4.5:

For dsc ∈ DSub(c, mt) \ DSub(c, ms):
UnbufferedAssignment(c, dsc, dfl(c, dsc));

Listing 4.5: Code generated by ResetReactivatedDataSubcomponents(c, ms, mt).

4.4.3 Resetting of Disconnected Data Ports

Similarly to the resetting of reactivated data subcomponents, data ports which were the target of
a data port connection or a flow in the source mode ms of a transition but are not in the target
mode mt are reset to their default value as well. In contrast to data subcomponents, data ports
cannot be deactivated and thus this reset must take place as soon as the connection is disabled.
The syntactic restrictions G-5 and G-6 (cf. [37, page 22]) guarantee that the default values for
disconnected ports which are not target of another connection in the target mode of the transition
exist. The translation however does not make the effort to distinguish between data ports that
were indeed disconnected as described above and data ports for which the connection changed,
i.e., they are targets of connections or flows in both, the source and the target mode of the
transition, but of different ones. Instead, whenever a transition disables a data port connection
or a flow, its target port is perceived as “disconnected” and thus reset to its default value, if it
exists, that is, dfl(c, dp) 6= ⊥. The check for the existence of the default value becomes necessary
as the syntactic restrictions do not require default values for data ports which are target of
connections or flows in every mode. Formally, the set of in that sense disconnected data ports is
defined by:

DisconnectedDataPorts := {tp | (sp, tp) ∈ (DCon(c, ms) \ DCon(c, mt))} ∪
{d | (d, expr) ∈ (Flw (c, ms) \ Flw(c, mt))}

Like with the unnecessary resets of reactivated data subcomponents whose default value is
overwritten by an assignment in the transition effect, the unnecessary reset of data ports does not
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introduce additional intermediate states since all assignments are contained in a d step-block.
If any of those data ports becomes the target of another connection or flow in the transition’s
target mode, the default value will be overwritten by the actual one later on, as described in
section 4.6 about the realisation of data port updates. However, it is not true that simply every
data port could be reset to its default value since then changes due to transition effects would
get lost.

Among the disconnected data ports, two different types must be distinguished: First, outgoing
data ports of the considered control component c ∈ CCmp itself, that is tp ∈ ODPrt(c). This is
the case whenever a simple identifier is used as target port: tp ∈ Ide. In the other case, a name
is used as target port: tp ∈ Nam where Nam = Ide ×{.}× Ide. Then, the name can be split up
in two parts separated by the dot: tp = csc.idp. The first part refers to a control subcomponent
csc ∈ CSub(c) of the component while the second part must be an incoming data port of that
subcomponent, i.e., idp ∈ IDPrt(c.csc). This distinction is important because it determines
whether a buffered or an unbuffered assignment has to be used. The new values for outgoing
data ports of the component itself must be written to the buffer variable DataBufferVar(c, tp)
in an buffered assignment to allow fixpoint iteration to compare the new and the old value and
thus determine whether something changed. Additionally, the old value must be preserved in
case it is read on the right hand side of an assignment in the transition effect. In contrast, the
new values for incoming data ports of subcomponents are directly assigned to the unbuffered
variables since neither fixpoint iteration depends on them nor their old value can be read in
transition effects (recall: transition effects are lists of assignments to data subcomponents or
outgoing data ports and the right-hand side expression is over incoming and outgoing data ports
and data subcomponents of the component which contains the transition).

Altogether, ResetDisconnectedDataPorts(c, ms, mt) generates:

For tp ∈ DisconnectedDataPorts :
If tp ∈ Ide:
If dfl(c, tp) 6= ⊥:
BufferedAssignment(c, tp, dfl(c, tp));

Else, i.e., tp = csc.idp ∈ Nam :
If dfl(c.csc, idp) 6= ⊥:
UnbufferedAssignment(c.csc, idp, dfl(c.csc, idp));

Listing 4.6: Code generated by ResetDisconnectedDataPorts(c, ms, mt).

One final remark on the position of ResetDisconnectedDataPorts inside the code generated
by ProactiveTransitions (applies to MultiwayEventCommunication as well): In an intermediate
version of the Slim language and its semantics it was allowed to set the value of data ports by
data port connections or flows in some modes while in others assignments in transition effects
could be used. For example, a transition could disable a data port connection to a data port
and then directly assign a new value to that data port by its effect. In this situation, like with
the resetting of reactivated data subcomponents, the assignment of the default value must be
placed before the assignments resulting from the transition effect to make sure that the default
value will not overwrite the effect. However, later on the syntactic restriction G-7 (cf. [37, page
22]) had to be introduced which forbids the mixture of data port connections and flows with
transition effects: A data port which is target of a data port connection or flow may never occur
on the left hand side of mode transition assignments in the same component implementation, and
vice versa. Hence, the position of ResetDisconnectedDataPorts is not crucial any more and in
fact further optimisations became possible, as described in subsection 4.6.1 dealing with fixpoint
iteration.
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4.4.4 Translation of the Effects

As already mentioned in the introduction of this section, the Slim assignments contained in a
transition’s effect f have to be translated to Promela assignments. However, assignments of
new values to data elements – possible in transition effects are outgoing data ports and data
subcomponents only – that occur on the right hand side of a subsequent assignment in the
same effect must be buffered. For example, the effect x := y; y := x must be translated to
something like x’ := y; y := x; x := x’. As assignments to outgoing data ports are buffered
anyway for the fixpoint iteration, only for data subcomponents d ∈ DSub(c) an analysis must be
performed to find out whether they must be buffered when translating a transition effect f :

RequiresBuffering(d, f) :⇔ f = ... d := expr; ...; d′ := expr′; ...

with d ∈ expr′

Furthermore, a buffer variable DataBufferVar(c, d) for a data subcomponent d ∈ DSub(c)
must be declared as soon as one transition with an effect exists that requires buffering:

MustBeBuffered(c, d) :⇔ ∃(ms, t, g, f, mt) ∈ MTr(c) : RequiresBuffering(d, f)

Of course, in the end the buffered values must be copied to the corresponding storage variables.
For outgoing data ports this is done by the fixpoint iteration over them. For data subcomponents,
however, this must be done directly after the transition effects. To reduce the state space, the
buffer variables of data subcomponents are reset to 0 afterwards because their value is not needed
any more. Taking this into account, Effects(c, f) generates the code shown in listing 4.7. Note
that for copying and resetting the buffer variables Promela code is directly generated without
the usage of UnbufferedAssignment. This also works for reals, as explained in section 4.2.2.

For every d := expr ∈ f :
If d ∈ ODPrt(c) or (d ∈ DSub(c) with RequiresBuffering(d, f)):
BufferedAssignment(c, d, expr);

Else:
UnbufferedAssignment(c, d, expr);

For every d := expr ∈ f with d ∈ DSub(c) and RequiresBuffering(d, f):
DataStoreVar(c, d) = DataBufferVar(c, d);
DataBufferVar(c, d) = 0;

Listing 4.7: Code generated by Effects(c, f).

4.4.5 Adjustment of the Activation Status of Control Subcomponents

Like with connections and flows, the activation status of control subcomponents can depend
on the mode of their supercomponent. Consequently, when a component takes a transition
changing the mode from source mode ms to target mode mt, the activation status of its control
subcomponents must be adjusted: Components active in ms but not in mt must be deactivated,
components not active in ms but in mt must be activated. For components which stay activated
or deactivated nothing is to be done. To deactivate a subcomponent csc ∈ CSub(c, ms) the
deactivate message is send by c to c.csc along Channel(c.csc). Analogously, to activate a
subcomponent csc ∈ CSub(c, mt) the message activate is sent. The code for this is generated
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by AdjustActivationOfControlSubcomponents(c, ms, mt) as shown in listing 4.8. The reaction of
subcomponents on receiving those messages is described in section 4.7 about activation handling.

// Deactivation

For csc ∈ CSub(c, ms) \ CSub(c, mt):
Channel(c.csc)!deactivate, 0;

Channel(c.csc)?deactivate, ;

// (Re)Activation

For csc ∈ CSub(c, mt) \ CSub(c, ms):
Channel(c.csc)!activate, 0;

Channel(c.csc)?activate, ;

Listing 4.8: Code generated by AdjustActivationOfControlSubcomponents(c, ms, mt).

4.5 Multiway Event Communication

In the previous section, all steps necessary to implement explicit and implicit transition effects
were described for proactive transitions, i.e., transitions without a trigger. In the present section,
the focus lies on the realisation of handshaking between processes based on event ports used
as transition triggers. A master transition in one component can only be taken if at least one
reactive transition with a corresponding trigger in another component can synchronously be
taken. The intricacy is that such event communication works in a multiway manner, that is,
every component that contains one or more enabled transition(s) that can react to a master
transition has to take one synchronously with the master transition. Additionally, the events
used as triggers can be forwarded along event port connections whose activation can depend on
the current mode of the component they belong to. Hence, in general the global system state
must be known to identify potential communication partners.

For the translation to Promela, which has a local component-wise and not a global perspec-
tive on the system state, multiway event communication is realised based on a message protocol
between components, their direct supercomponent and their direct control subcomponents only.
Whenever a process, implementing one component, is in a mode from which a master transition
with fulfilled guard goes out it can send a trymultiwaymessage in order to ask for handshakings.
The message is equipped with an integer value that indicates which event is to be used. To this
end, EventNumber(event) injectively maps every event ∈ EPrt to an unique integer identifier as
described in section 4.2.1. The message’s addressee depends on trigger t of the master transi-
tion: either a control subcomponent or the supercomponent receives it in the first place. Every
component which receives a trymultiway message forwards it along its event port connections
whose activation status can be determined locally since it only depends on the current mode of
the component. Additionally, if any reactive transition with fulfilled guard exists in the receiving
component, one of them is – nondeterministically, if several are possible – taken and the global
variable gflagTrymultiway, that was initialised with false, is set to true which indicates that
at least one partner was found for handshaking. Consequently, the master transition is taken if
this variable is finally true. To make sure that the process with the master transition waits until
every potential communication partner has received and processed the trymultiway message,
every component that sends out a message waits for an acknowledgment by the receiver before
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it continues. A beneficial side-effect of this is that all steps involved in multiway event com-
munication are performed strictly sequential and hence there is no state space explosion effect
for this part due to concurrency. Crucial for the correct functioning, especially termination, of
the whole mechanism is, firstly, the circumstance that event port connections cannot be cyclic
(this follows from the topological restrictions for event port connections, cf. section 2.2.5) and,
secondly, the prohibition of fan-out to (different) incoming event ports of the same component
(syntactic restriction G-11 in [37, page 22]). Together this guarantees that every component has
to react to a trymultiway message at most once per multiway event communication.

In the following two subsections the generation of code for master and for reactive transitions
will be treated separately. Together those two parts make up the code for multiway event
communication:

MultiwayEventCommunication(c, m) := MasterTransitions(c, m)
ReactiveTransitions(c, m)

4.5.1 Implementation of Master Transitions

A transition defined in a control component c ∈ CCmp is a master transition if its trigger t is
either an outgoing event port of the component itself or an incoming event port of one of its
control subcomponents. Since only active control components could possibly react by taking a
reactive transition, the latter case is restricted further to control subcomponents that are active
in the transition’s source mode ms ∈ Mod(c), i.e., to csc ∈ CSub(c, ms). Thus, the translation
has to consider those transitions which go out from mode m and whose trigger t is in the set

MasterTriggers(c, m) := OEPrt(c) ∪
⋃

csc∈CSub(c,m)

{csc.} × IEPrt(c.csc)

As mentioned above, the addressee of the trymultiway message depends on the trigger. In
more detail, this means:

• If an incoming event port iep of a control subcomponent csc ∈ CSub(c), i.e., iep ∈
IEPrt(c.csc), is used as trigger, i.e., t = csc.iep, then the message is sent to this sub-
component (downward trymultiway)

• If an outgoing event port of component c itself is used, i.e., t ∈ OEPrt(c), the message
must be sent to the supercomponent (upward trymultiway).

This case distinction is made by MasterTransitions(c, m) as presented in listing 4.9. Indepen-
dent of the concrete addressee, after receiving the acknowledgment from it the master transition
is taken if gflagTrymultiway is executable, i.e., if it has been set to true. This part is identical
to proactive transitions, including the invalidate message which starts the propagation of up-
dated data port values and finally releases the semaphore which assures atomicity of transitions.
Note that this semaphore has already been requested together with the evaluation of the guard
by nT before the multiway event communication was started. In case no component could be
found for handshaking, i.e., gflagTrymultiway is still false, this semaphore must be released
by explicitly calling fT before the do-loop of the current mode is continued.

Of course gflagTrymultiway must be reset to false if it became true so that a following
multiway event communication works correctly. Doing so directly after completing the multiway
event communication – in contrast to a reset directly before the next master transition is tried
– guarantees that outside this part gflagTrymultiway always has its initial value false and
hence the possible doubling of the state space due to unimportant differences in the boolean
value is avoided. However, this variable must not be excluded from the state vector by declar-
ing it as hidden since its value obviously makes a difference in the course of multiway event
communication.
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For (ms, t, g, f, mt) ∈ MTr(c) with ms = m and t ∈ MasterTriggers(c, m):
:: nT(Expression(c, g)) ->

// Send trymultiway request

If t = csc.iep with csc ∈ CSub(c) and iep ∈ IEPrt(c.csc):
Channel(c.csc)!trymultiway, EventNumber(iep);
Channel(c.csc)?trymultiway, ;

Else, i.e., t ∈ OEPrt(c):
Channel(c)!trymultiway, EventNumber(t);
Channel(c)?trymultiway, ;

if

// One or more communication partner found

:: d step { gflagTrymultiway ->

gflagTrymultiway = false;

ResetReactivatedDataSubcomponents(c, ms, mt)
ResetDisconnectedDataPorts(c, ms, mt)
Effects(c, f)
ModeVar(c) = modeID mt;

}
AdjustsActivationOfControlControlSubcomponents(c, ms, mt)
Channel(c)!invalidate, 0;

goto mode mt

// No communication partner found

:: !gflagTrymultiway -> fT;

fi;

Listing 4.9: Code generated by MasterTransitions(c, m).
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4.5.2 Implementation of Reactive Transitions

A process receiving a trymultiway message must react by forwarding this message along event
port connections and by taking a reactive transition, if possible. Two different ways of receiving
the trymultiway message must be distinguished: Either it was sent by the supercomponent
(downward trymultiway) or by one of the active control subcomponents (upward trymultiway).
Both require in principle the same reactions but with subtle differences. Therefore, the simpler
version for downward trymultiway is introduced first, before the differences for upward trymul-
tiway are stressed. Together they cover all variants of reactive transitions:

ReactiveTransitions(c, m) := ReactiveTransitions Downward(c, m)
ReactiveTransitions Upward(c, m)

Reactive Transitions for Downward Trymultiway

For downward trymultiway the trymultiway message is send by the supercomponent of the
considered control component c ∈ CCmp and thus received along channel Channel(c). The second
message parameter indicates which of the component’s incoming event ports iep ∈ IEPrt(c) is
meant to be used in the ongoing multiway event communication. This integer value could be
received into a variable which is then evaluated in a case distinction using if. Yet, this additional
variable and the if-block can be saved by applying the filter mechanism of Promela receive
statements (cf. section 3.1.1): For every iep ∈ IEPrt(c) one branch, beginning with the receiving
of the message trymultiway equipped with the constant value EventNumber(iep), is added to the
mode’s do-loop. Consequently, for every incoming event the correct branch becomes executable.

Inside the branch for incoming event port iep two things have to be done: forwarding the
trymultiway message along event port connections and taking one reactive transition, if possible.
Since the activation of event port connections can depend on the current mode m ∈ Mod(c),
forwarding is handled before a transition might change the mode.

In detail, forwarding works as follows: For every target port tp of an currently active event
port connection (sp, tp) ∈ ECon(c, m) that originates from the considered incoming event port,
i.e., sp = iep, a new trymultiway message is sent to the respective component and a returning
acknowledgment is awaited. Due to the topological restrictions that are imposed for event port
connections (cf. section 2.2.5), it is known that the target port must be an incoming event
port of a control subcomponent of c, that is, tp = csc.iep′ for some csc ∈ CSub(c, m) and
iep′ ∈ IEPrt(c.csc) (in-in connection). Additionally, the syntactic restriction G-4 (cf. [37, page
22]) guarantees that a subcomponent is active whenever a connection to it is enabled and thus
the synchronous communication cannot block. Finally, the topological restrictions together with
the prohibition of fan-out to (different) event ports of the same component (G-11, ibid.) assure
that every control subcomponent receives the trymultiway message at most once per multiway
event communication. Due to this fact, the message can simply be forwarded in a sequential
manner – without any further considerations about the order or the handling of nondetermin-
ism. The second parameter of the new trymultiway message sent to csc is of course set to
EventNumber(iep′), the integer identifier of the subcomponent’s incoming event port, and not to
the value that was originally received, identifying the component’s own incoming event port iep.

The code generated for the reactive transitions itself is very similar to that of proactive tran-
sitions: For every transition outgoing from mode m whose trigger is the incoming event port for
which the trymultiway was received, i.e., t = iep, a branch starting with the transition’s guard
expression g is added to an if-block which handles the possible nondeterminism when several
reactive transitions are enabled. Inside those branches, the explicitly and the implicitly given
transition effects are realised. Additionally, the global variable gflagTrymultiway is set to true
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as indication for the master transition that at least one reactive transition has been taken. Fi-
nally, a trymultiway message is sent to the supercomponent – which originally sent the message
to the considered component – as an acknowledgment of the fact that the component has finished
its handling of the multiway event communication. An additional invalidate message is not
necessary, the one that will be sent by the process containing the master transition suffices. For
the case that no reactive transition is enabled, an else-branch is added which just sends the
acknowledgment. If in c no reactive transition outgoing from mode m exists at all, the if-block
contains only the else-branch. In this case the whole if can be replaced by just the sending of
the acknowledgment (done in the implementation, but for the sake of readability omitted in the
meta-code presented here). Note that, in contrast to proactive and master transitions, reactive
transitions do not request the semaphore by executing nT. This is no contradiction to the atom-
icity of Slim transitions since handshaking requires that at least one reactive transition is taken
synchronously with the master transition. Besides that, reactive transitions could in fact never
retrieve the semaphore since it is hold by the process containing the master transition during the
whole multiway event communication. However, this still prevents that transitions that do not
participate in the handshaking are taken independently while multiway event communication
goes on.

All this is done with the Promela code generated by ReactiveTransitions Downward(c, m)
as shown in listing 4.10.

For iep ∈ IEPrt(c):
:: Channel(c)?trymultiway, EventNumber(iep) ->

// Ask subcomponents via event port connections

For (sp, tp) ∈ ECon(c, m) with sp = iep,
thus tp = csc.iep′, csc ∈ CSub(c, m), iep′ ∈ IEPrt(c.csc):
Channel(c.csc)!trymultiway, EventNumber(iep′);
Channel(c.csc)?trymultiway, ;

// Take own reactive transition, if possible

if

For (ms, t, g, f, mt) ∈ MTr with ms = m and t = iep

:: d step { Expression(c, g) ->

gflagTrymultiway = true;

ResetReactivatedDataSubcomponents(c, ms, mt)
ResetDisconnectedDataPorts(c, ms, mt)
Effects(c, f)
ModeVar(c) = modeID mt;

}
AdjustActivationOfControlSubcomponents(c, ms, mt)
Channel(c)!trymultiway, 0;

goto mode mt;

:: else ->

Channel(c)!trymultiway, 0;

fi;

Listing 4.10: Code generated by ReactiveTransitions Downward(c, m).
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Multiway event communication involving event ports of the root component is always possible
– even when no master or reactive transition exists in the specification at all. In the translation
this is realised by the Environment process, which can be perceived as a dummy supercomponent
for root, as described in section 4.8.

Reactive Transitions for Upward Trymultiway

The handling of upward trymultiway is in principle identical to downward trymultiway. However,
some subtle differences exist which make handling of upward trymultiway a little more involved.
The following differences must be considered:

• First of all, the trymultiway message is not received from the supercomponent of c

along Channel(c) but from an (active) control subcomponent csc ∈ CSub(c, m) along
Channel(c.csc). Analogously, the acknowledgment is to be sent to this subcomponent.
The second parameter of the trymultiway message must identify an outgoing event port
oep ∈ OEPrt(c.csc) of the respective subcomponent. Consequently, the do-loop for a mode
m ∈ Mod(c) contains for every control subcomponent csc ∈ CSub(c, m) one branch starting
with a receiving statement for any of its outgoing event ports oep ∈ OEPrt(c.csc). In the
meta-code this is reflected by the two nested For-blocks.

• In addition to forwarding the trymultiway message to the (other) subcomponents, for-
warding is also possible to the supercomponent by a data port connection targeting at
an outgoing event port of the considered component, i.e., tp ∈ OEPrt(c). Since in-out
connections are not allowed by the topological restrictions, forwarding to the parent was
not possible with downward trymultiway. For the same reason in combination with G-1
(cf. [37, page 21]), which requires that source and target components of event port connec-
tions must be different, it is guaranteed that an upward trymultiway can never return as
a downward trymultiway to components which already participated in the multiway event
communication. In particular, the subcomponent which sent the original trymultiway
message does not received a forwarded one. Note that by G-11 (no fan-out to different
ports of the same components) every subcomponent and the supercomponent retrieve at
most one trymultiway message. All this is necessary to guarantee that no component can
take two reactive transitions in succession within one multiway event communication.

• Finally, the least obvious but perhaps most critical difference in handling upward trymulti-
ways is that the adjustment of the activation status of control subcomponents in the course
of taking the reactive transitions must be postponed. Why is that necessary? Well, an up-
ward trymultiway can only be received by a supercomponent of the component containing
the master transition – the direct one ore transitively at a higher level of the compo-
nent hierarchy. If this supercomponent takes a reactive transition it might happen that
the subcomponent containing the master transition becomes deactivated. Two problems
arise when this is done immediately: First, the master transition – which is planned to
be taken after the whole multiway event communication has finished – could not be taken
any more. Second, the process realising the master transition awaits an acknowledgment
of the trymultiway message and thus is not ready to receive an deactivate or reset

message. To handle the situation, the adjustment of the activation status of control sub-
components in the supercomponent is postponed until the invalidate message has been
received from the component from which the upward trymultiway message was received.
The invalidate indicates that the master transition has been taken because it is sent by
the corresponding process afterwards. Now, it is even safe to deactivate the subcomponent
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containing the master transition. Afterwards, the catched invalidate message must be
forwarded to the supercomponent. Note that this process can take place successively at
different levels in the component hierarchy.

These necessary adaptions lead to the differences between the code for handling downward
trymultiway (cf. listing 4.10) and the code generated by ReactiveTransitions Upward(c, m) as
shown in listing 4.11.

For csc ∈ CSub(c, m):

For oep ∈ OEPrt(c.csc):
:: Channel(c.csc)?trymultiway, EventNumber(oep) ->

// Ask supercomponent via Event Port Connections

For (sp, tp) ∈ ECon(c, m) with sp = csc.oep and tp ∈ OEPrt(c):
Channel(c)!trymultiway, EventNumber(tp);
Channel(c)?trymultiway, ;

// Ask subcomponents via Event Port Connections

For (sp, tp) ∈ ECon(c, m) with sp = csc.oep and
tp = csc′.iep′ for some csc′ ∈ CSub(c, m), iep′ ∈ IEPrt(c.csc′):
Channel(c.csc′)!trymultiway, EventNumber(iep′);
Channel(c.csc′)?trymultiway, ;

// Take own Reactive Transition, if possible

if

For (ms, t, g, f, mt) ∈ MTr with ms = m and t = csc.oep

:: d step { Expression(c, g) ->

multiwayCounter = multiwayCounter + 1;

ResetReactivatedDataSubcomponents(c, ms, mt)
ResetDisconnectedDataPorts(c, ms, mt)
Effects(c, f)
ModeVar(c) = modeID mt;

}
Channel(c.csc)!trymultiway, 0;

Channel(c.csc)?invalidate, ; // Wait for master!

AdjustActivationOfControlSubcomponents(c, ms, mt)
Channel(c)!invalidate, 0; // Forward catched!

goto mode mt;

:: else ->

Channel(c.csc)!trymultiway, 0;

fi;

Listing 4.11: Code generated by ReactiveTransitions upward(c, m).



64 CHAPTER 4. TRANSLATION TO PROMELA PROGRAMS

4.6 Data Port Updates

Transitions can change the values of data ports by explicitly given effects as well as implicit
impacts on data port connections and flows. The realisation of these local effects was described
mainly in section 4.4 on proactive transitions. However, these changes can propagate along data
port connections and flows through the whole component hierarchy. To this end, the translation
to Promela establishes a mechanism named invalidate-update-cycle based on a communication
protocol, comparable to the handling of multiway event communication with trymultiway mes-
sages (cf. section 4.5). After taking a transition, a process sends an invalidate message to
its supercomponent indicating that the values of its outgoing data ports might have changed.
Every component c ∈ CCmp receiving an invalidate message from any of its currently active
subcomponents csc ∈ CSub(c, m) forwards it to its own supercomponent. The Promela code
for that is generated by ForwardInvalidate(c, m) as shown in listing 4.12.

For csc ∈ CSub(c, m):
:: Channel(c.csc)?invalidate, ->

Channel(c)!invalidate, 0;

Listing 4.12: Code generated by ForwardInvalidate(c, m).

Finally, the invalidate message reaches the process realising the root component and is
forwarded by it one last time, namely to the Environment process which serves somehow as
a dummy supercomponent for root. The Environment process transforms the invalidate

notification to an update directive which is send back to rootand then spreads out to the
whole system. Every component process c ∈ CCmp receiving an update message from its
supercomponent – thus, along Channel(c) – does basically two things:

1. Firstly, it initiates the update of its active control subcomponents csc ∈ CSub(c, m). There-
for, their incoming data ports idp ∈ IDPrt(c.csc) are updated according to active data
port connections and flows (from outgoing data ports of other subcomponents or incom-
ing data ports of the considered component c itself) before the update message is for-
warded to each subcomponent along Channel(c.csc). Again, the component process waits
for an acknowledgment of every subcomponent before it continues its own update proce-
dure. Forwarding the update directive may not be omitted for control subcomponents
whose incoming data ports did not change their value since the last invalidate-update-
cycle, including subcomponents which do not have any incoming data ports at all, since
a transition taken in a deeper subcomponent still might change some data ports in the
component hierarchy. The code for updating the control subcomponents is generated by
PropagateUpdateToActiveSubcomponents(c, m) as shown in listing 4.13. In the implemen-
tation of the translation that piece of code is moved to an inline function two increase
readability of the generated code, especially since it might occur twice.

2. After updating its active control subcomponents, the component can update its own out-
going data ports whose values can by data port connections and flows depend on outgoing
data ports of its control subcomponents and on incoming data ports of the component
itself (flows only). Finally, the component process must acknowledge that it completed its
update procedure by sending an update message to its supercomponent.

The Promela code for the whole update procedure is generated by HandleUpdate(c, m) as
defined in listing 4.14. For the termination of the invalidate-update-cycle the acyclicity of data
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For csc ∈ CSub(c, m):

// Provide latest values for subcomponent’s in data ports

d step{
// Via active data port connections

For (sp, tp) ∈ DCon(c, m) with tp = csc.idp for some idp ∈ IDPrt(c.csc),
thus sp ∈ IDPrt(c) or

sp = csc′.odp for some csc′ ∈ CSub(c, m) with odp ∈ ODPrt(c.csc′):
DataStoreVar(c.csc, idp) = DataStoreVar(c, sp);
// Via active flows

For (tp, expr) ∈ Flw(c, m) with tp = csc.idp for some idp ∈ IDPrt(c.csc):
UnbufferedAssignment(c, csc.idp, expr);

}

// Send update message to subcomponent, await acknowledgment

Channel(c.csc)!update, 0;

Channel(c.csc)?update, ;

Listing 4.13: Code generated by PropagateUpdateToActiveSubcomponents(c, m).
If a subcomponent is not targeted by any forwarding data port connection or
flow, the resulting empty d step-block can be eliminated.

port dependencies, i.e., data port connections combined with flows, in every system state is
crucial. Data port connections on their own are acyclic since in-out connections are not possible
by topologic restrictions. With data flows this is not the case any more and thus syntactical
restriction H-5 (cf. [37, page 24]) explicitly forbids cyclic dependencies between data ports.
However, in contrast to event port connections, data dependencies can be cyclic on the component
level, that means, the value of an outgoing data port odp of a component can be forwarded in
multiple steps to an incoming data port idp of the same component. The only restriction is, that
the value of this incoming data port idp must not change the value of odp again. In general,
whenever in some component an outgoing data port changes whose value is forwarded to an
incoming data port of an already updated component this receiving component must be updated
again. This is why HandleUpdate(c, m) additionally contains a fixpoint iteration. The details of
it are given in the following subsection. But before, some general final remarks:

• At three points in the generated Promela code, namely in PropagateUpdateToActiveSub-
components and HandleUpdate where values are forwarded along data port connections as
well as in NonFixpointCopy (see below) where values of the buffered variables are copied to
the unbuffered ones, simple Promela assignments between variables are used instead of
UnbufferedAssignment, which would generate embedded C-code for Slim reals. Similarly,
the unbuffered and the buffered variables are compared in FixpointCheck (see below) by the
Promela operator ==, again without embedded C-code. This can be done since the Slim

reals are stored in Promela ints and copying as well as equality checking do not depend
on the data type but are just based on the sequence of bits, as discussed in section 4.2.2.

• During the whole invalidate-update-cycle, the semaphore for atomicity of transitions is
hold by the process which sent the initial invalidate message. This guarantees that no
other transition can take place in the meanwhile, even for multiway event communication
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:: Channel(c)?update, ->

// *** Update active subcomponents ***

// First ‘‘Iteration’’

PropagateUpdateToActiveSubcomponents(c, m)
If FixpointIterationRequired(c, m):
// Fixpoint Iteration

do

:: d step { !( FixpointCheck(c, m) ) ->

CopyBufferedSubcomponentsDataPortsToStore(c, m)
}
PropagateUpdateToActiveSubcomponents(c, m)

:: d step { ( FixpointCheck(c, m) ) ->

CopyBufferedSubcomponentsDataPortsToStore(c, m)
}
break

od;

skip; // cannot jump into d step

Else:
d step {

CopyBufferedSubcomponentsDataPortsToStore(c, m)
}

// *** Update own out data ports ***

d step {

// Via active data port connections

For (sp, tp) ∈ DCon(c, m) with tp ∈ ODPrt(c),
thus sp = csc.odp for some csc ∈ CSub(c, m)

with odp ∈ ODPrt(c.csc):
DataBufferVar(c, tp) = DataStoreVar(c.csc, odp);

// Via active flows

For (d, expr) ∈ Flw (c, m) with d ∈ ODPrt(c):
BufferedAssignment(c, d, expr)

}

// *** Acknowledge update ***

Channel(c)!update, 0;

Listing 4.14: Code generated by HandleUpdate(c, m). The skip is necessary,
since jumps (here by break inside the do-loop) into a d step-block are not pos-
sible. Neighbouring d step-blocks, i.e., when no fixpoint iteration is necessary,
can be joined while empty ones can always be omitted.
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since the invalidate is sent after the master transition was taken, which happened after
all reactive transitions had been taken. Of course, the semaphore must be released after
the invalidate-update-cycle completed. As the component process containing the proactive
or master transition does not know when this is the case, the Environment process will do
so by calling fT after receiving the update-acknowledgment from root (cf. section 4.8).

• Like with multiway event communication, due to the fact that every process waits until
an acknowledgment arrives from the component to which it sent a message, the whole
invalidate-update-cycle is performed sequential which is beneficial for size of the induced
state space

• Data Subcomponents are not treated in the update procedure because they cannot be
targets of data port connections or flows. Changes to them are only possible by transition
effects (including deactivation and reset on reactivation) which are already handled by
Effects (cf. section 4.4.4) and ResetReactivatedDataSubcomponents (cf. section 4.4.2) before
the invalidate-update-cycle is started.

Altogether, DataPortUpdates(c, m) generates the whole Promela code necessary for han-
dling invalidate-update-cycles as defined in listing 4.15:

DataPortUpdates(c, m) := ForwardInvalidate(c, m)
HandleUpdate(c, m)

Listing 4.15: Code generated by DataPortUpdates(c, m).

4.6.1 Fixpoint Iteration

As mentioned above, in general it does not suffice to update every active control subcomponent
just once. Instead, whenever a subcomponent csc ∈ CSub(c, m) is updated and thus changes one
of its outgoing data ports odp ∈ ODPrt(csc) whose value is forwarded by a data port connection
or a flow to an incoming data port idp ∈ IDPrt(csc′) of an already updated subcomponent
csc′ ∈ CSub(c, m), then this subcomponent csc′ must be updated again with the new input
value. In particular, csc and csc′ can be the same component1 like in the SLIM specification
given in listing 4.16 which is visualised in figure 4.1.system Rootend Root;system implementation Root.Implsubcomponents

sc: system SC.Impl;connectionsdata port sc.x -> sc.b;data port sc.y -> sc.c;end Root.Impl;

1In the latest version of the Slim syntax this is not allowed any more. However, the principle problem stays
unchanged since the value of an outgoing data port can be forwarded through a neighbour subcomponent to an
incoming data port of the same component.
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a: in data port int default 0;

b: in data port int default 0;

c: in data port int default 0;

x: out data port int default 0;

y: out data port int default 0;

z: out data port int default 0;end SC;system implementation SC.Implflows
x := a + 1;

y := b + 1;

z := c + 1;end SC.Impl;

Listing 4.16: SLIM specification requiring fixpoint iteration (cf. figure 4.1).

a

b

c

x

y

z

x := a + 1

y := b + 1

z := c + 1

Figure 4.1: Visualisation of the SLIM specification from listing 4.16.

To handle these on the component level cyclic dependencies, the Promela program could
check which out data ports changed their value on updating a subcomponent and mark all
subcomponents to which this value is forwarded with an “needs update” flag comparable to
typical worklist algorithms. However, this would complicate the generated code and even worse,
it would require additional memory for the bookkeeping. Instead, in every iteration of the
fixpoint iteration each control subcomponent receiving input values from other subcomponents
is updated again. The iteration stops when no outgoing data port of any subcomponent whose
value is forwarded to some other subcomponent changes any more, in other words, when a fixpoint
is reached. To identify this situation, the new values of subcomponents’ outgoing data ports must
be compared with their old ones. That is one reason – besides the requirement for buffering in
sequencing transition effects – why a buffer (prefix odpNew as used by DataBufferVar) and a
storage (prefix odpStore as used by DataStoreVar) variable exist for every outgoing data port.
When a control subcomponent c.csc received an update and updated its own subcomponents in a
nested fixpoint iteration it writes the new values for its own outgoing data ports to the respective
buffer variable, allowing its supercomponent c to compare the new value with the old one still
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stored in the storage variable. If the fixpoint is not reached yet, i.e., it exists an outgoing data port
of some subcomponent whose value is forwarded to some subcomponent and for which the values
stored in the buffer and in the storage variable differ, the new values from the buffer variables
will be copied to the storage variables as the new old ones and another iteration is executed. The
following sequence of intermediate states exemplifies the mechanism of fixpoint iteration for the
first update (initially, all values are zero) of component root.sc from listing 4.16. The indices
n and s distinguish between the new (buffered) and the old (stored) value, respectively, of the
outgoing data ports. As the value of z is not forwarded to any neighbour subcomponent, the
fact that it changed in the last iteration does not mean that no fixpoint is reached.

( a = 0 , b = 0 , c = 0 ; xn = 0 , xs = 0 , yn = 0 , ys = 0 , zn = 0 , zs = 0 )
⇓ update: (x, y, z)n := (a, b, c) + 1

( a = 0 , b = 0 , c = 0 ; xn = 1 , xs = 0 , yn = 1 , ys = 0 , zn = 1 , zs = 0
︸ ︷︷ ︸

new 6=store

)

⇓ copy: (x, y, z)s := (x, y, z)n

( a = 0 , b = 0 , c = 0 ; xn = 1 , xs = 1 , yn = 1 , ys = 1 , zn = 1 , zs = 1 )
⇓ set inputs (b := x, c := y)

( a = 0 , b = 1 , c = 1 ; xn = 1 , xs = 1 , yn = 1 , ys = 1 , zn = 1 , zs = 1 )
⇓ update

( a = 0 , b = 1 , c = 1 ; xn = 1 , xs = 1
︸ ︷︷ ︸

new=store

, yn = 2 , ys = 1 , zn = 2 , zs = 1
︸ ︷︷ ︸

new 6=store

)

⇓ copy
( a = 0 , b = 1 , c = 1 ; xn = 1 , xs = 1 , yn = 2 , ys = 2 , zn = 2 , zs = 2 )

⇓ set inputs
( a = 0 , b = 1 , c = 2 ; xn = 1 , xs = 1 , yn = 2 , ys = 2 , zn = 2 , zs = 2 )

⇓ update
( a = 0 , b = 1 , c = 2 ; xn = 1 , xs = 1 , yn = 2 , ys = 2

︸ ︷︷ ︸

new=store ⇒ fixpoint reached

, zn = 3 , zs = 2
︸ ︷︷ ︸

new 6=store

)

⇓ final copy
( a = 0 , b = 1 , c = 2 ; xn = 1 , xs = 1 , yn = 2 , ys = 2 , zn = 3 , zs = 3 )

To complete the Promela code generated by HandleUpdate(c, m), the predicate and place-
holders used in the context of fixpoint iteration can now be defined. First, a fixpoint iteration
is necessary only if the value of at least one subcomponent’s outgoing data port is forwarded by
data port connections or flows to an incoming data port of an subcomponent:

ForwardedPorts(c,m) :=
⋃

csc∈CSub(c,m)

{(csc, odp) | odp ∈ ODPrt(c.csc) :

(∃(sp, tp) ∈ DCon(c, m) : tp ∈ Nam ∧ sp = csc.odp) ∨
(∃(d, expr) ∈ Flw (c, m) : d ∈ Nam ∧ csc.odp ∈ expr) }

FixpointIterationRequired(c, m) := ForwardedPorts(c,m) 6= ∅

The fixpoint check is then realised by:

FixpointCheck(c, m) :=

&&
(csc, odp) ∈

ForwardedPorts(c, m)

DataStoreVar(c.csc, odp) == DataBufferVar(c.csc, odp)
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Finally, the copying of values from buffer to storage variables must be done for all outgoing data
ports of ever subcomponent by:

CopyBufferedSubcomponentsDataPortsToStore(c, m) :=
For csc ∈ CSub(c, m):
For odp ∈ ODPrt(c.csc):
DataStoreVar(c.csc, odp) = DataBufferVar(c.csc, odp);

If no fixpoint iteration is required at all, the only thing to do for a component after updating
all its subcomponents but before setting is own outgoing data ports is to copy the values of
the subcomponents’ outgoing data ports from the buffer to the store variables, i.e., using Copy-
BufferedSubcomponentsDataPortsToStore once (cf. Else in listing 4.14). This is necessary due to
the fact that the subcomponents always write the new values for their outgoing data ports to the
buffer variables since they do not know whether their supercomponent will perform a fixpoint
iteration or not. In the latter case, they could indeed directly write to the store variable. This
could be achieved by using the optional parameter of the update message as an indication for
the receiving subcomponent which variable is to be used.

Beside this, other optimisations are possible at compile time, based on a more fine grained
static analysis of data port dependencies in the considered mode of a component:

• Those control subcomponents without changed input values since the last iteration, es-
pecially those without any incoming data ports at all, do not have to be updated in the
following iteration. As an approximation to this, only those subcomponents should be
reupdated which are in the current mode targeted by a data port connection or flow that
has a subcomponent’s outgoing data port as source.

• The fixpoint iteration also guarantees that the order in which subcomponents are updated
does not matter. For example, when a data connection from a subcomponent csc1 to
another subcomponent csc2 is active, fixpoint iteration guarantees that in the end the
correct results are achieved even when csc2 is updated first in every iteration. However,
it would be better to analyse these dependencies and to update the subcomponents in a
corresponding order. This could possibly reduce the number of required iterations when
the new output values are directly reused for updating the following components.

• The retroactively introduced syntactic constraint that individual outgoing data ports are
either set by data port connections and flows or by assignments in transition effects – but
never mixed in different modes – allows the following optimisations:

– Outgoing data ports which are only set by assignments in transition effects will
not change during fixpoint iteration as the a transition effect is realised before the
invalidate message is sent. Consequently, those data ports need not be buffered.

– Similar to the buffers for data subcomponents, the buffer variables for outgoing data
ports can be reset to 0 after copying their values to the storage variables.

However, all these optimisations are not considered in the implementation and thus perceived
as future work.

4.7 Activation Handling

When the activation status of a component changes because the mode of its supercomponent
changed the message deactivate or activate, respectively, is send to the component as de-
scribed in section 4.4.5. On reception of an deactivate message, the receiving component
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process forwards this message to all its active subcomponents – because they are deactivated
together with their supercomponent – and then waits, in principle doing nothing else, until an
activate message arrives. This message is again forwarded to all subcomponents that should
be active in the current mode to reactivate them as well. Once more, as with the other commu-
nication protocols, acknowledgments are awaited for each communication.

In the course of activation handling, a distinction must be made between components that
support mode history and those, that do not. A control component c ∈ CCmp maintains mode
history iff its starting mode stm(c) is of type initial. Contrariwise, if the starting mode
is of type activation the component does not have mode history. Formally, the predicate
HasModeHistory is defined as follows:

HasModeHistory(c) := stm(c) is of type initial

When a component with mode history is reactivated, it continues from the state it was in
when it became deactivated. That means, neither the mode nor the values of any data elements
do change. Thus, DeactivateWithModeHistory(c, m) generates code which simply waits for a
reactivation after deactivation has been completed as shown in listing 4.17. Note that this
protocol guarantees that an activate message is sent only to deactivated components which
thus can receive it.

:: Channel(c)?deactivate, ->

// Deactivate control subcomponents active in current mode

For csc ∈ CSub(c, m):
Channel(c.csc)!deactivate, 0;

Channel(c.csc)?deactivate, ;

// Acknowledge deactivation, Wait for reactivation

Channel(c)!deactivate, 0;

Channel(c)?activate, ;

// Reactivate control subcomponents active in current mode

For csc ∈ CSub(c, m):
Channel(c.csc)!activate, 0;

Channel(c.csc)?activate, ;

// Acknowledge reactivation

Channel(c)!activate, 0;

Listing 4.17: Code generated by DeactivateWithModeHistory(c, m).

In contrast, a component without mode history is restarted from its initial state on reacti-
vation. That is, all data elements are reset to their default values and the mode is reset to the
starting mode. For this reset on reactivation the initialisation code generated by Initialisation(c)
(cf. listing 4.3 in section 4.3 on page 51) is reused which includes the receiving of the activate

message. To this end, after completing the deactivation, the component process jumps to the
FirstActivationOrReactivationWithoutModeHistory label. As for components with mode
history, the subcomponents have to be deactivated as well. The difference is that any sub-
component is not just deactivated but reset with its supercomponent – no matter whether the
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subcomponent itself does support mode history or not. To enforce this, a reset message is sent
to the subcomponents instead of deactivate. In general, all subcomponents must be reset.
For those active in the transition’s source mode this is no problem, sending the reset message
suffices. Deactive subcomponents without mode history are already reset. Only for subcompo-
nents with mode history that are not active in the transition’s source mode a special treatment
is necessary: they have to be reactivated in order to be able to receive the reset message. The
code for that, referred to as DeactivateWithoutModeHistory(c, m), is presented in listing 4.18.

:: Channel(c)?deactivate, ->

// Reset control subcomponents active in current mode

For csc ∈ CSub(c, m):
Channel(c.csc)!reset, 0;

Channel(c.csc)?reset, ;

// Reset control subcomponents with mode history deactive in

current mode

For csc ∈ CSub(c) \ CSub(c, m) with HasModeHistory(c.csc):
Channel(c.csc)!activate, 0;

Channel(c.csc)?activate, ;

Channel(c.csc)!reset, 0;

Channel(c.csc)?reset, ;

// Acknowledge deactivation

Channel(c)!deactivate, 0;

// Jump to initialisation code

goto FirstActivationOrReactivationWithoutModeHistory;

Listing 4.18: Code generated by DeactivateWithoutModeHistory(c, m).

Finally, the method for resetting a component is – independent of its support for mode
history – identical to the one for deactivation of a component without mode history, except that
the message name deactivate is replaced by reset as indicated by the substitution notation in
listing 4.19 which gives the complete code for activation handling.

// React to deactivate, await activate

If HasModeHistory(c):
DeactivateWithModeHistory(c, m)

Else:
DeactivateWithoutModeHistory(c, m)

// React to reset, await activate

DeactivateWithoutModeHistory(c, m)[deactivate 7→ reset]

Listing 4.19: Code generated by ActivationHandling(c, m).
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4.8 The Environment Process

Besides the processes representing the different component instances, one special process named
Environment is generated that can be perceived as a dummy supercomponent for the root

component, which is actually translated in the same way as every other component. The special
tasks of the Environment process are:

• On start-up it activates the root component and establishes the initial system state by
invoking an update-cycle for the first time. Initialising the data elements to their default
values does not suffice since already in the initial state data port connections and flows can
be active and thus possibly overwrite the default values. The atomicity of the whole start-
up code is guaranteed by the fact that the transition semaphore gflagGoNextTransition

is initialised to true.

• Whenever an invalidate message is received from root, it is transformed into an update

notification which is send back to the root process and then propagates through the whole
component hierarchy.

• Multiway event communication is always possible when – directly or forwarded along event
port connections – an outgoing event port of the root component is triggered. To this end,
the environment process sets gflagTrymultiway to true and sends an acknowledgment on
receiving a trymultiway message from the root (upward trymultiway).

• Similarly, incoming event ports of the root component can be triggered at any time.
Therefor, the environment process mimics a master transition with corresponding trigger
for every incoming event port of the root component by sending trymultiway messages
to the rootprocess (downward trymultiway).

The process type of the Environment process is shown in listing 4.20. Note, instead of
using the placeholder Channel(root) the fixed name channel root is used. The details of han-
dling update-cycles are encapsulated in Environment PerformUpdate(root) which is basically
a simpler version of HandleUpdate (cf. listing 4.14 in section 4.6 on page 66). Additionally, it
contains the call of the macro fT which releases the transition semaphore after completion of
an invalidate-update-cycle. Values for incoming data ports of root are not set during updates
since they always have their default value. However, changing input values from the environment
could be modeled here. The code for updating the root component is given in listing 4.21.

4.9 The Whole Resulting PROMELA Program

To round the presentation of the translation from Slim specifications to Promela programs
off, listing 4.22 gives an overview over the complete Promela program resulting for a Slim

specification with root control component root ∈ CCmp and a property ϕ. The translation of
properties is covered in the next chapter – in particular, the placeholder AtomicPropositions is
defined in section 5.1. The overall resulting Promela program contains all global declarations
(mtype, gflagGoNextTransition, gflagTrymultiway) mentioned in the preceding sections as
well as all definitions (nT, fT, integer representatives for symbolic identifiers).
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active proctype Environment()

{
// *** Activate root and establish initial state ***

channel root!activate, 0;

channel root?activate, ;

Environment PerformUpdate(root)

// *** React to messages from root component ***

do

// React on invalidate with update

:: channel root?invalidate, ->

Environment PerformUpdate(root)
// Upward trymultiway

:: channel root?trymultiway, ->

gflagTrymultiway = true;

channel root!trymultiway, 0;

// Downward trymultiway

For idp ∈ IDPrt(root):
:: nT(true) ->

channel root!trymultiway, EventNumber(idp);
channel root?trymultiway, ;

if

:: d step { gflagTrymultiway ->

gflagTrymultiway = false; }
Environment PerformUpdate(root)

:: else -> fT

fi;

od;

}

Listing 4.20: The type of the Environment process, generated by Environ-
ment(root).

// Send update message, await acknowledgment

chan root!update, 0;

chan root?update, ;

// Copy buffered Out Data Ports of root

If |ODPrt(root)| > 0:
d step {

For odp ∈ ODPrt(root):
odpStore root odp = odpNew root odp;

}
// Release Transition Semaphore

fT;

Listing 4.21: Controlling update-cycles, generated by Environ-
ment PerformUpdate(root).
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// -- Message Types ------------------------------------

mtype = { update, invalidate, trymultiway,

activate, deactivate, reset };

// -- Macros for ensuring atomicity of transitions -----

bool gflagGoNextTransition = true;

#define nT(guard) d step { \

guard && !gflagGoNextTransition; \

gflagGoNextTransition = true }

#define fT gflagGoNextTransition = false

// -- Flag for Multiway Event Communication ------------

bool gflagTrymultiway = false;

// -- Define integer type & constants for Enums -------

#define enumIntType IntType(|Enums|)
For every enum ∈ Enums:
#define enum enum IntValue(enum,Enums)

// -- Define integer type & constants for Modes -------

#define modeIntType IntType(|Mod |)
For every mode ∈ Mod :
#define modeID mode IntValue(mode,Mod)

// -- Define Atomic Propositions -----------------------

AtomicPropositions(ϕ)

// -- Global Variables for Data Elements ---------------

For every c ∈ CCmp:
GlobalVariables(c)

// -- Environment Process ------------------------------

Environment( root)

// -- Proctypes for Component Instances ----------------

For every c ∈ CCmp:
Proctype(c)

Listing 4.22: The whole resulting Promela program generated by
SLIM2Promela(root, ϕ).
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4.10 Example

The following Promela code was automatically generated – except for some comments and
whitespaces that were removed afterwards – by the implemented translator for the Negate Ran-
dom Bit example from listing 2.1 on page 16:

// ----- Message Types ----------------------------------------------------mtype = { update , invalidate , trymultiway , activate , deactivate , reset };

// ----- MACROs for ensuring atomicity of transitions ---------------------bool gflagGoNextTransition = true ;

#define nT(guard) d_step { \

guard && !gflagGoNextTransition ; \

gflagGoNextTransition = true ; }

#define fT d_step { gflagGoNextTransition = false; }

// ----- Flag for Multiway Event Communication ----------------------------bool gflagTrymultiway = false;

// ----- DEFINE integer type & constants for enum data types --------------

#define enumIntType bit
// ----- DEFINE integer type & constants for nominal modes ----------------

#define modeIntType bit
#define modeID__DefaultInitialMode 0

#define modeID_m 1

// ----- Global Variable Declarations for storing Components ’ Data --------

// *** root : __default__ :: Root .Impl ***chan chan_root = [0] of { mtype , int };

modeIntType nominalMode_root ;

// *** root_negator : __default__ :: Negator .Impl ***chan chan_root_negator = [0] of { mtype , int };

modeIntType nominalMode_root_negator;bool idpStore_root_negator_pos;bool odpStore_root_negator_neg; bool odpNew_root_negator_neg;

// *** root_aBus : __default__ :: Bus.Impl ***chan chan_root_aBus = [0] of { mtype , int };

modeIntType nominalMode_root_aBus ;

// *** root_randomBit : __default__ :: RandomBit .Impl ***chan chan_root_randomBit = [0] of { mtype , int };

modeIntType nominalMode_root_randomBit;bool odpStore_root_randomBit_value; bool odpNew_root_randomBit_value;
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// ----- Environment ------------------------------------------------------active proctype Environment ()

{

// *** Activate & Update root component ***

chan_root !activate , 0;

chan_root ?activate , _;

chan_root !update , 0;

chan_root ?update , _;

fT;

// *** React to Messages from root component ***do
// Invalidate : react with update

:: chan_root ?invalidate , _ ->

chan_root !update , 0;

chan_root ?update , _;

fT;

// Upward Trymultiway :

:: chan_root ?trymultiway , _ ->

gflagTrymultiway = true ;

chan_root !trymultiway , 0;od;
}

// ----- root : __default__ :: Root .Impl ------------------------------------inline inlineUpdateMode_DefaultInitialMode_root()

{

// Update active subcomponent negator

// 1.) Forward new inputs to subcomponents in data ports

idpStore_root_negator_pos = odpStore_root_randomBit_value;

// 2.) Send update message to subcomponent & receive acknowledgment

chan_root_negator !update , 0;

chan_root_negator ?update , _;

// Update active subcomponent aBus

chan_root_aBus !update , 0;

chan_root_aBus ?update , _;

// Update active subcomponent randomBit

chan_root_randomBit !update , 0;

chan_root_randomBit ?update , _;

}
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{

// *** Wait for first activation ***

FirstActivationOrReactivationWithoutModeHistory:

chan_root ?activate , _;

// Initialize Data Elements

nominalMode_root = modeID__DefaultInitialMode;

// Activate Non -Data Subcomponents (only those active in start mode )

chan_root_negator !activate , 0;

chan_root_negator ?activate , _;

chan_root_aBus !activate , 0;

chan_root_aBus ?activate , _;

chan_root_randomBit !activate , 0;

chan_root_randomBit ?activate , _;

// Activation completed

chan_root !activate , 0;goto mode__DefaultInitialMode;

// *** Run as automaton & React to messages ***

mode__DefaultInitialMode:do
// Incomming Message : update (from parent)

:: chan_root ?update , _ ->

// Update active subcomponents : First Iteration

inlineUpdateMode_DefaultInitialMode_root();

// Update active subcomponents : Fixpoint Iterationdo
:: d_step {

!( odpStore_root_randomBit_value == odpNew_root_randomBit_value) ->

odpStore_root_negator_neg = odpNew_root_negator_neg;

odpStore_root_randomBit_value = odpNew_root_randomBit_value; }

inlineUpdateMode_DefaultInitialMode_root()

:: d_step {

(odpStore_root_randomBit_value == odpNew_root_randomBit_value) ->

odpStore_root_negator_neg = odpNew_root_negator_neg;

odpStore_root_randomBit_value = odpNew_root_randomBit_value; }breakod;
// Send update acknowledgment to parent

chan_root !update , 0;

// Incomming Message : invalidate (from subcomponents only )

:: chan_root_negator ?invalidate , _ ->

chan_root !invalidate , 0;

:: chan_root_aBus ?invalidate , _ ->

chan_root !invalidate , 0;

:: chan_root_randomBit ?invalidate , _ ->

chan_root !invalidate , 0;

// Incomming Message : deactivate (from parent) - keep mode history

:: chan_root ?deactivate , _ ->
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// deactivate active subcomponents

chan_root_negator !deactivate , 0;

chan_root_negator ?deactivate , _;

chan_root_aBus !deactivate , 0;

chan_root_aBus ?deactivate , _;

chan_root_randomBit !deactivate , 0;

chan_root_randomBit ?deactivate , _;

chan_root !deactivate , 0;

// reactivate

chan_root ?activate , _;

chan_root_negator !activate , 0;

chan_root_negator ?activate , _;

chan_root_aBus !activate , 0;

chan_root_aBus ?activate , _;

chan_root_randomBit !activate , 0;

chan_root_randomBit ?activate , _;

chan_root !activate , 0;

// Incomming Message : reset (from parent)

:: chan_root ?reset , _ ->

// reset active subcomponents

chan_root_negator !reset , 0;

chan_root_negator ?reset , _;

chan_root_aBus !reset , 0;

chan_root_aBus ?reset , _;

chan_root_randomBit !reset , 0;

chan_root_randomBit ?reset , _;

// confirm reset

chan_root !reset , 0;goto FirstActivationOrReactivationWithoutModeHistory;od;
}

// ----- root_negator : __default__ :: Negator.Impl -------------------------active proctype process2_root_negator ()

{

// *** Wait for first activation ***

FirstActivationOrReactivationWithoutModeHistory:

chan_root_negator ?activate , _;

// Initialize Data Elementsd_step {

idpStore_root_negator_pos = false;

odpNew_root_negator_neg = false; odpStore_root_negator_neg = false;

nominalMode_root_negator = modeID__DefaultInitialMode;

}

// Activation completed

chan_root_negator !activate , 0;goto mode__DefaultInitialMode;
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// *** Run as automaton & React to messages ***

mode__DefaultInitialMode:do
// Incomming Message : update (from parent)

:: chan_root_negator ?update , _ ->

// Update own out data portsd_step {

odpNew_root_negator_neg = !( idpStore_root_negator_pos);

}

// Send update acknowledgment to parent

chan_root_negator !update , 0;

// Incomming Message : deactivate (from parent) - keep mode history

:: chan_root_negator ?deactivate , _ ->

chan_root_negator !deactivate , 0;

chan_root_negator ?activate , _;

chan_root_negator !activate , 0;

// Incomming Message : reset (from parent)

:: chan_root_negator ?reset , _ ->

chan_root_negator !reset , 0;goto FirstActivationOrReactivationWithoutModeHistory;od;
}

// ----- root_aBus : __default__ :: Bus.Impl --------------------------------active proctype process3_root_aBus ()

{

// ... omitted ...

}

// ----- root_randomBit : __default__ :: RandomBit .Impl ---------------------active proctype process4_root_randomBit()

{

// *** Wait for first activation ***

FirstActivationOrReactivationWithoutModeHistory:

chan_root_randomBit ?activate , _;

// Initialize Data Elementsd_step {

odpNew_root_randomBit_value = false;

odpStore_root_randomBit_value = false;

nominalMode_root_randomBit = modeID_m ;

}

// Activation completed

chan_root_randomBit !activate , 0;goto mode_m;
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// *** Run as automaton & React to messages ***

mode_m:do
// Proactive Transitions

:: nT(true ) -> d_step {

odpNew_root_randomBit_value = true ;

nominalMode_root_randomBit = modeID_m ; }

chan_root_randomBit !invalidate , 0; // Propagate changes , fT by root !goto mode_m;

:: nT(true ) -> d_step {

odpNew_root_randomBit_value = false;

nominalMode_root_randomBit = modeID_m ; }

chan_root_randomBit !invalidate , 0; // Propagate changes , fT by root !goto mode_m;

// Incomming Message : update (from parent)

:: chan_root_randomBit ?update , _ ->

chan_root_randomBit !update , 0;

// Incomming Message : deactivate (from parent) - keep mode history

:: chan_root_randomBit ?deactivate , _ ->

chan_root_randomBit !deactivate , 0;

chan_root_randomBit ?activate , _;

chan_root_randomBit !activate , 0;

// Incomming Message : reset (from parent)

:: chan_root_randomBit ?reset , _ ->

chan_root_randomBit !reset , 0;goto FirstActivationOrReactivationWithoutModeHistory;od;
}

Listing 4.23: Promela code generated for the Negate Random Bit example from listing 2.1 on
page 16.
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Chapter 5

Translation of Properties to

Never Claims

After having defined the translation of Slim models to Promela programs in the previous chap-
ter, this chapter focuses on the translation of Slim properties, as introduced in section 2.6, to
Spin never claims, which were described in section 3.2.2. In principle, this could be done auto-
matically: A Slim property ϕ, consisting of a pattern(ϕ) and named atomic propositions APs(ϕ),
induces an LTL-formula which can be transformed to a never claim by Spin (cf. section 3.2.3).
However, this approach faces several problems:

• The transition system described by the Promela program has more states than the origi-
nal transition system defined by the Slim specification since it contains intermediate states
which do not exist according to the Slim semantics. For example, taking a transition in
the Slim semantics leads from one state directly to the successor state while the Promela

program passes several intermediate states (evaluation of the guard, performing transition
effects, adjusting activation of control subcomponents, sending invalidate, etc. – cf. sec-
tion 4.4). Similarly, the communication protocols for multiway event communication and
invalidate-update cycles (cf. sections 4.5 and 4.6, respectively) introduce several intermedi-
ate states. Let the term stable states refer to those states that exist in the transition system
resulting from the Slim semantics and the corresponding states of the Promela program,
in opposite to non-stable states which only exist as intermediate states of the Promela

program. This distinction is of utmost importance, since for model checking a property
only the stable states are relevant while the non-stable states have to be “skipped”. For-
tunately, stable states of the Promela program can be identified by the fact that the
global flag gflagGoNextTransition, which was introduced in section 4.4.1 to guarantee
the atomicity of transitions, has the value false. The LTL-formulas resulting from Slim

properties have to be augmented with this test for stable states: Instead of �P for an uni-
versality global property, the formula � (¬gflagGoNextTransition⇒ P ) has to be used.
Not quite analogously, for an existence global property ♦ (¬gflagGoNextTransition∧ P )
replaces ♦P . Note that the formula ♦ (¬gflagGoNextTransition⇒ P ), equivalent to
♦ (gflagGoNextTransition∨ P ), is not correct, since this is already satisfied by the exis-
tence of a non-stable state.

• A rather technical problem arises from the fact that testing for stable states does not
necessarily prevent that conditions are evaluated in non-stable states. The danger in that
is that some conditions in non-stable states, in particular in those intermediate states
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of the Promela program which occur before the initial stable state is reached, might
crash. For example, consider the propositional property 100 / d > 2 for some data port
d. Let d have the default value 0 which is however already in the initial Slim state
overwritten with a positive value by a data port connection or flow. Having sequential
evaluation as done by C – recall that Spin generates a C program (PAN, cf. section 3.2)
which performs the actual model checking – in mind, one could expect that for the LTL-
formula gflagGoNextTransitionU

(
¬gflagGoNextTransition∧ 100

d
> 2

)
corresponding

to the propositional property, the expression 100
d

> 2 is evaluated only in stable states.
Unfortunately, Spin sometimes changes the order of conditions in the generated never
claim compared to the LTL-formula. Then, the expression 100

d
> 2 might be tested before

the check on stable states take place. In the very first state of the Promela program where
the data port updates have not yet been performed and thus d still has its default value
0, evaluating 100

d
crashes due to devision by zero. Consequently, it does not suffice to rely

on sequential evaluation as the order of conditions in never claims cannot be controlled by
the ordering of conditions in the LTL-formulas.

• Finally, the never claims automatically generated by Spin from LTL-formulas are not
optimal (cf. [6, p. 154]). This issue becomes worse by the fact that the LTL-formulas
for properties – and with them the resulting never claims – became more difficult by
introducing the test on stable states. Section 5.2.5 gives an example of an automatically
generated never claim that unnecessarily requires cycle detection.

To solve or avoid these problems, for every LTL-property pattern used in Compass a never
claim containing the corresponding placeholders was written by hand. Before these never claims
are given in section 5.2, section 5.1 describes how the symbols used as placeholders for the atomic
propositions are defined based on concrete atomic propositions.

5.1 Defining Symbols for Atomic Propositions

Since never claims can access variables from the Promela program of type boolean only (cf.
section 3.2.2) while in Slim-atomic propositions, in general, arbitrary data elements can be read,
boolean symbols representing the atomic propositions – which themselves are boolean expressions
– are defined in the Promela program. For every named atomic proposition (id, prop) ∈ APs(ϕ)
of a property ϕ, AtomicPropositions(ϕ) defines a symbol atomicProposition id representing the
evaluation of expression prop.

The atomic proposition prop itself is translated to a Promela expression in a similar way
as it is done by Expression(c, expr) (cf. section 4.2.4) for normal Slim expressions expr in
the context of a control component c ∈ CCmp. However, some differences must be taken into
account:

• Atomic propositions are not evaluated in the context of a single control component but
in the context of the whole system. From reading accesses to data elements d ∈ Dat(c)
of a control component c ∈ CCmp, denoted by prefixing d with the access path to c, i.e.,
c.d, not only the identifier d but also the context c must be extracted. The corresponding
Promela variable is then formally given by DataSotreVar(c, d). In the implementation
however, the component hierarchy along the whole access path must be traversed to retrieve
the instance of the control component c.

• Besides the values of data elements, the current nominal mode of control components
c ∈ CCmp can additionally be tested. A reading access c.mode is translated to an access



5.2. NEVER CLAIMS FOR PROPERTY PATTERNS 85

of the variable ModeVar(c). As error states have been translated to nominal modes of the
specification resulting from model extension, these need not to be taken into account.

• The symbols defined for enumeration and mode identifiers (cf. section 4.2.1) must not be
used in the definition of symbols for atomic propositions since the C preprocessor does
not perform a textual replacement of previously defined symbols in later definitions of new
symbols. Instead, the integer values used to represent enumeration and mode identifiers
must be used directly.

5.2 Never Claims for Property Patterns

In section 3.2.2 the concept of never claims was introduced: They try to disprove the correctness
by either terminating on finding a finite counterexample or by accepting infinite counterexam-
ples containing acceptance cycle. This section presents the never claims that were developed
for the Compass property patterns. To avoid linebreaks some abbreviations will be used: In-
stead of atomicProposition P and atomicProposition S the shorter versions aP P and aP S,
respectively, will be used. Furthermore, gflagGoNextTransition is shortened to gfGNT.

5.2.1 Propositional

A property of the propositional pattern corresponds to the LTL-formula:

P

Augmented with the test for stable states the following LTL-formula results:

gfGNT U (¬gfGNT ∧ P )

The manually written never claim presented in listing 5.1 just skips every non-stable state until
the first, thus initial, stable state is reached. If P does not hold in this state, the property does
not hold – otherwise it is valid.never {

go_on:if
// *** As long as no stable state: go on ***

:: gfGNT -> goto go_on

// *** aP_P not fulfilled in first stable state: terminate ***

:: !gfGNT && !(aP_P) -> goto stop

// *** Otherwise: get stuck ***fi;
stop:skip
}

Listing 5.1: Never claim for property pattern propositional.
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5.2.2 Absence Global

A property of the absence global pattern corresponds to the LTL-formula:

�¬P

Augmented with the test for stable states the following LTL-formula results:

�¬ (¬gfGNT ∧ P )

The manually written never claim presented in listing 5.2 can terminate and thus wins as soon
as it observes a stable state in which P holds.never {

go_on:if
// *** If stable state found where aP_P holds: terminate ***

:: !gfGNT && (aP_P) -> goto stop

// *** "Otherwise": go on ***

:: goto go_onfi;
stop:skip
}

Listing 5.2: Never claim for property pattern absence global.

5.2.3 Existence Global

A property of the existence global pattern corresponds to the LTL-formula:

♦P

Augmented with the test for stable states the following LTL-formula results:

♦ (¬gfGNT∧ P )

The manually written never claim presented in listing 5.3 tries to find an eventually cycling
infinite execution path on which for every stable state P does not hold. In such an execution, P

never holds in any stable state.

5.2.4 Universality Global

A property of the universality global pattern corresponds to the LTL-formula:

�P

Augmented with the test for stable states the following LTL-formula results:

� (¬gfGNT ⇒ P )
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accept_go_on:if
// *** While no stable state found where aP_P holds: go on ***

:: gfGNT || !(aP_P) -> goto accept_go_on

// *** Otherwise: get stuck ***fi;
}

Listing 5.3: Never claim for property pattern existence global.

The manually written never claim presented in listing 5.4 terminates as soon as it observes a
stable state where P does not hold, which violates the property.never {

go_on:if
// *** Stable state found where aP_P does not hold ***

:: !gfGNT && !(aP_P) -> goto stop

// *** "Otherwise": go on ***

:: goto go_onfi;
stop:skip
}

Listing 5.4: Never claim for property pattern universality global.

5.2.5 Precedence Global

A property of the precedence global pattern corresponds to the LTL-formula:

( ¬S U P ) ∨ �¬S

Augmented with the test for stable states the following LTL-formula results:

( (¬gfGNT ⇒ ¬S) U (¬gfGNT∧ P ) ) ∨ � (¬gfGNT ⇒ ¬S)

The manually written never claim presented in listing 5.5 follows the consideration that the only
possibility for the never claim to disprove the property is to find a stable state in which S holds
before a stable state is seen where P holds.
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go_on:if
// *** No stable state: go on ***

:: gfGNT -> goto go_on

// *** Stable state where neither P nor S hold: go on ***

:: !gfGNT && !(aP_P) && !(aP_S) -> goto go_on

// *** Stable state found where S holds but P does not ***

:: !gfGNT && (aP_S) && !(aP_P) -> goto stop

// *** Stable state found where P (and may be S) hold ***

// get stuckfi;
stop:skip
}

Listing 5.5: Never claim for property pattern precedence global.

Comparison with the automatically generated never claim

As mentioned in the introduction of this chapter, one benefit of manually writing the never claims
is to avoid unnecessarily difficult never claims resulting from the automatic transformation of
LTL-formulas by Spin. Listing 5.6 gives the automatically generated never claim for precedence
global properties. It is not only much more difficult to understand but due to the until required in
the LTL-representation of precedence global properties it requires cycle detection. As listing 5.5
of the manually generated never claim shows, this cycle detection – which increases complexity
of model checking – can be avoided.never {

/* !([](! gfGNT ->!(aP_S ))||((!gfGNT ->!aP_S)U(!gfGNT && aP_P))) */

T0_init:if
:: (! ((aP_P)) && ! ((gfGNT)) && (aP_S)) -> goto accept_S3

:: (! ((aP_P)) && ! ((gfGNT)) && (aP_S)) -> goto accept_all

:: (((! ((aP_P))) || ((gfGNT )))) -> goto T0_init

:: (! ((aP_P)) && ! ((gfGNT)) && (aP_S)) -> goto accept_S37fi;
accept_S3:if

:: (((! ((aP_P))) || ((gfGNT )))) -> goto accept_S3

:: (! ((aP_P)) && ! ((gfGNT)) && (aP_S)) -> goto accept_allfi;
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accept_S37:if
:: (! ((gfGNT)) && (aP_S)) -> goto accept_all

:: (1) -> goto T0_S37fi;
T0_S37:if

:: (! ((gfGNT)) && (aP_S)) -> goto accept_all

:: (1) -> goto T0_S37fi;
accept_all:skip
}

Listing 5.6: More difficult never claim automatically generated by Spin for properties of the
pattern precedence global.

5.2.6 Response Global

A property of the response global pattern corresponds to the LTL-formula:

� (P ⇒ ♦S)

Augmented with the test for stable states the following LTL-formula results:

� ((¬gfGNT ∧ P ) ⇒ ♦ (¬gfGNT∧ S))

The manually written never claim presented in listing 5.7 uses nondeterminism to disprove the
property: Whenever it observes a stable state where P but not directly S holds, is tries to find
an infinite continuation of the execution so that S never holds in any successive stable state.never {

go_on:if
// *** Stable state where P but not S holds ***

// *** => candidate for violation ***

:: !gfGNT && (aP_P) && !(aP_S) -> goto accept_violation

// *** "Otherwise": go on ***

:: goto go_onfi;
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accept_violation:if
// *** No stable state OR S does not hold ***

// *** => violation still possible ***

:: gfGNT || !(aP_S) -> goto accept_violation

// *** Otherwise (i.e., stable state found where S holds) ***

// get stuckfi;
}

Listing 5.7: Never claim for property pattern response global.

5.3 Final Remarks

The storage of data elements in global Promela variables (cf. section 4.2) is tailored to the need
of never claims which must be able to access them (via defined global symbols). Although the
usage of global variables hinders statement merging (cf. section 3.3.1), it is preferable to the usage
of local variables. The reason for that is twofold: First, the negative effects on statement merging
can be reduced by explicitly enclosing statements that have only local effects in d step-blocks.
Second, if local variables are used, so-called remote references name:var would be necessary to
access a local variable var inside the process instance of proctype name for the evaluation of
properties reasoning about a data element stored in that variable. However, remote references are
not only incompatible with statement merging but, worse, also with partial order reduction whose
effects cannot be mimicked by adding d step-blocks around statements in individual proctypes
since partial order reduction considers sequences of global states, possibly changed by different
processes. The evaluation of a first translation of Slim specifications to Promela programs
that made use of local variables clearly showed that the translation using global variables is
more efficient with respect to model checking.

A similar reasoning applies to remote references of the form name@label , returning true

when the program counter from the process instance of proctype name is currently at label
label . Consequently, these remote references are not used to find out in which mode a component
c ∈ CCmp – respectively, the corresponding process – currently is. Instead, the mode information
is stored in a separate variable ModeVar(c) (cf. section 4.2).



Part III

Slicing of SLIM specifications
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Chapter 6

The Basic Slicing Approach

The practicability of model checking larger systems is restricted by the size of the induced state
space. To combat the so-called state-space explosion problem, abstraction techniques must be
employed. However, for some of the available abstraction techniques, like bisimulation minimisa-
tion, the whole state space of the system must be generated before it can be reduced by applying
the abstraction. This might speed-up model checking but it does not reduce the peak memory
requirements – a major bottleneck for the feasibility of model checking. Furthermore, such ap-
proaches annul the benefits of on-the-fly model checking as it is done with Spin. Consequently,
methods that operate on the system model before constructing its state space are preferable to
those that try to minimise the resulting transition system. This chapter introduces the basics of
such a method: a slicing approach for Slim specifications. Afterwards, the subsequent chapter
discusses necessary extensions and some optimisations.

6.1 Related Work

The term “slicing” has been coined by Weiser [42] who empirically observed it as a debugging
technique used by experienced programmers to identify those parts of a program that affect a
certain behaviour under consideration and to abstract from the irrelevant parts with respect to
this behaviour. The initial approach for sequential programs was extended later on in several
ways by many authors (cf. [39]). The most important work related to the approach presented
here is the extension of slicing to concurrent programs by Cheng [14] and the application of slicing
to software model checking including formal notions of correctness by Hatcliff, Dwyer and Zheng
[21]. However, none of the methods presented there is directly applicable to the nested structures
supporting dynamic reconfiguration and the various kinds of interaction between components as
they are possible within Slim specifications.

The principal idea of slicing is to remove all parts of a program, typically variables and
statements, that do not influence the behaviour of interest, typically the values of some variables
at some statements, described by a slicing criterion. To determine which parts are relevant, the
transitive backward closure of the slicing criterion along different kinds of dependences, typically
data and control dependences, is computed. However, finding a minimal sliced program is in
general unsolvable since the halting problem can be reduced to it (cf. [42]).

Since version 3.4.0, released in 2000, Spin contains a slicing algorithm [34, 26] for Promela

programs with respect to a property, given as a LTL-formula or directly as a never claim. How-
ever, besides the fact that this slicing algorithm only makes suggestions about which parts of a
Promela program could be removed but does not adapt the code automatically, Spin’s slicing
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algorithm turned out to be not really as effective as expected on Promela programs resulting
from a Slim specification. This is due to the fact that the fixpoint iteration generated by the
translation for handling data port updates of control subcomponents (cf. section 4.6) introduces
control dependences between Promela variables that do not exist between the data ports in
the original Slim specification. For example, consider a component hierarchy as outlined in
figure 6.1 and a property only reasoning about root.A.x. Updating all subcomponents obvi-
ously could change the value of root.A.x, e.g., by a data flow from an incoming data port or
from a subcomponent (not depicted). Since the value of root.B.y is forwarded by a data port
connection to another subcomponent C, the translation creates a fixpoint iteration which repeat-
edly updates all subcomponents until the value of root.B.y does not change any more. Due to
this fact, updating the subcomponents and thus possibly changing the interesting data element
root.A.x becomes control dependent on root.B.y. Consequently, Spin’s slicing algorithm will
not eliminate root.B.y. However, for the considered property only reasoning about root.A.x,
the other subcomponents B and C are completely irrelevant and can indeed be sliced away. This
unsatisfactory circumstance led to the efforts of developing a slicing algorithm which directly
works on the Slim specification.

root

A
x

B
y

C
z

Figure 6.1: The fixpoint iteration makes the forwarded root.B.y relevant for Spin’s slicing
algorithm – even for properties that reason only about root.A.x.

6.2 Component Instances

Note that, in analogy to distinguishing calling environments of procedures, slicing of Slim speci-
fications is done for individual component instances c ∈ CCmp and not for their implementation
imp(c) or type typ(c). This is more effective since different instances of the same component
implementation or type might be sliced differently. Therefore, identical parts of different compo-
nent instances are distinguished by associating the component instance with them. For example,
in the following a mode m is perceived as a tuple (c, m′) with c ∈ CCmp and m′ ∈ Mod(c) a
mode of the component instance c. Formally, the following sets are used:

• Mod (c) := {(c, m) | m ∈ Mod(c)} , Mod :=
⋃

c∈CCmp

Mod (c)

• IDPrt :=
⋃

c∈CCmp

{(c, idp) | idp ∈ IDPrt(c)}

• DSub((c, m)) := {(c, d) | d ∈ DSub(c, m)}

• Dat(c) := {(c, d) | d ∈ Dat(c)} , Dat :=
⋃

c∈CCmp

Dat(c)
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• EPrt(c) := {(c, ep) | ep ∈ EPrt(c)} , EPrt :=
⋃

c∈CCmp

EPrt(c)

• CSub((c, m)) := CSub(c, m)

• MTr :=
⋃

c∈CCmp

{((c, ms), (c, t), g
′, f ′, (c, mt)) | (ms, t, g, f, mt) ∈ MTr(c)},

where g′, f ′ result from g, f by extending every data element d occurring in them to (c, d)

• Flw((c, m)) := {(c, d) := a′ | (d, a) ∈ Flw(c, m)} , Flw :=
⋃

m∈Mod

Flw(m) ,

where a′ results from a by extending every data element d occurring in it to (c, d)

• DCon((c, m)) := {((c, sp) → (c, tp)) | (sp, tp) ∈ DCon(c, m)} , DCon :=
⋃

m∈Mod

DCon(m)

• ECon((c, m)) := {((c, sp) (c, tp)) | (sp, tp) ∈ ECon(c, m)} , ECon :=
⋃

m∈Mod

ECon(m)

• inv((c, m)) := inv(c, m), where the data elements d are extended to (c, d)

For simplicity the notation (c, csc.x) for some c ∈ CCmp, csc ∈ CSub(c) and x ∈ DPrt(c.csc)∪
EPrt(c.csc) is identified with (c.csc, x). Similarly, no difference is made between (c, d) ∈ Dat and
(c, m) ∈ Mod , as used here, and c.d or c.mode:m, respectively, as it occurs in properties.

6.3 Identifying Interesting Parts

Used as an abstraction technique before model checking a Slim specification, slicing aims at
removing those parts from a given specification S that are irrelevant for checking whether it
fulfils a CTL∗ property ϕ. The resulting specification S

ϕ
sliced should be smaller than but still

equivalent to S with respect to the property, that is, S |= ϕ iff S
ϕ
sliced |= ϕ (cf. [21]). Consequently,

comparable to a slicing criterion, the property defines the initially interesting parts that must not
be sliced away: data elements and modes used in ϕ (events are not allowed in Slim properties
but could be added). Subsequently, the transitive backward closure of the set of interesting
parts, i.e., all other aspects that have an (indirect) influence on them and thus on the property,
e.g., data elements read on the right hand side of assignments to an interesting data element,
is calculated in a fixpoint iteration. Obviously this iteration always terminates but in the worst
case all parts of the specification become interesting.

In the following three subsections the closure rules for adding data elements, events and modes
to the set of interesting parts are described before the actual slicing algorithm is presented in
pseudo-code.

6.3.1 Interesting Data Elements

Like with data flow dependence for classic program slicing, all data elements used to calculate
a new value for an interesting data element are interesting, too. Here, this affects the right
hand sides of assignments to an interesting data element, either in transition effects or by data
flows. Similarly, the source ports of data port connections and flows targeting at interesting
data ports become interesting as well. Furthermore, comparable to control flow dependence, all
data elements used in guards on interesting transitions (see below) must be kept in the sliced
specification as the evaluation of the guard at runtime determines whether the transition can
indeed be taken.
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6.3.2 Interesting Events

The main difference of Slim specifications compared to sequential programs is that they describe
a hierarchy of components that can synchronously communicate by sending and receiving events.
Comparable to synchronisation and communication dependences (cf. [14]), all events used as
triggers on interesting transitions are important. As events can be forwarded by event port
connections, all events connected to an interesting event in any direction are interesting as well.

6.3.3 Interesting Modes

Similarly to the program location in classical slicing, the slicing algorithm for Slim specifications
does not treat the mode information as a data element which is either interesting or not at all,
but tries to eliminate uninteresting modes. The difficulty is that the questions whether a mode,
a data element or an event is interesting are related to each other since all those elements can
be combined in the transition relation: On the one hand, transitions are (partially) interesting
when they change an interesting data element, have an interesting trigger or their source or
target mode is interesting. On the other hand, triggers, guards, source modes and possibly some
data elements read in effects of those transitions are interesting. However, transitions themselves
are not considered as elements of interest in the fixpoint iteration. Instead, modes are made
interesting and with them implicitly all incoming and outgoing transitions. More concretely,
besides the modes used in the property the following modes are interesting as well:

• Source modes of transitions changing an interesting data element. This obviously applies
to transitions with assignments to interesting data elements in their effects but also to
transitions reactivating an interesting data subcomponent, that is, it is active in the target
mode but not in the source mode, since it will be reset to its default value in this case.

• All modes in which a data flow or a data port connection to an interesting data port or
in which an event port connection to/from an interesting event port is active. This also
guarantees that all transitions that deactivate a data flow to an interesting data element
and thus reset it to its default value are included in the sliced specification.

• Source modes of transitions with interesting events as triggers because of their relevance
for synchronous event communication which can only take place when a sent event can be
received by at least one enabled transition in another component.

Moreover, the reachability of interesting modes from the initial mode matters. Thus, every
predecessor of an interesting mode, that is, the source modes of transitions to interesting target
modes, is interesting as well.

6.4 The Basic Slicing Algorithm

The pseudo-code description of the basic slicing algorithm is given in listing 6.1 on the next page.
The algorithm computes the sets of interesting data elements (D), interesting event ports (E)
and interesting modes (M).
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/* Initialisation */
D := {d ∈ Dat | d occurs in ϕ};
E := ∅;
M := {m ∈ Mod | m occurs in ϕ};

/* Fixpoint Iteration */
repeat

/* Transitions that update/reactivate interesting data elements
or have interesting triggers */

for all ms
t,g,f
−→ mt ∈ MTr with ∃d ∈ D : f updates d

or ∃d ∈ D : d ∈ DSub(mt) \ DSub(ms)
or t ∈ E

do

M := M ∪ {ms};

/* Transitions from/to interesting modes */

for all ms
t,g,f
−→ mt ∈ MTr with ms ∈ M or mt ∈ M do

D := D ∪ {d ∈ Dat | g reads d}
∪ {d ∈ Dat | f updates some d′ ∈ D reading d};

E := E ∪ {t};
M := M ∪ {ms};

/* Data flows to interesting data ports */
for all d := a ∈ Flw with d ∈ D do

D := D ∪ {d′ ∈ Dat | a reads d′};
M := M ∪ {m ∈ Mod | d := a ∈ Flw(m)};

/* Data port connections to interesting data ports */
for all d → d′ ∈ DCon with d′ ∈ D do

D := D ∪ {d};
M := M ∪ {m ∈ Mod | e → e′ ∈ DCon(m)};

/* Event port connections involving interesting event ports */
for all e e′ ∈ ECon with e ∈ E or e′ ∈ E do

E := E ∪ {e, e′};
M := M ∪ {m ∈ Mod | e e′ ∈ ECon(m)};

until nothing changes;

Listing 6.1: The basic slicing algorithm.
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6.5 The Basic Sliced Specification

After calculating the fixpoint, the sliced specification S
ϕ
sliced can be generated. Essentially, it

contains only the interesting data elements (D), the interesting event ports (E) and the interesting
modes (M) plus data flows and connections to them, i.e., d := a ∈ Flw with d ∈ D, d → d′ ∈ DCon

with d′ ∈ D and e e′ ∈ ECon where e, e′ ∈ E. The default values of data elements stay the same.

The sliced transition relation contains all transitions ms
t,g,f
−→ mt ∈ MTr leaving an interesting

mode ms ∈ M with slight modifications: If the target mode is not interesting (mt 6∈ M), it is
replaced by a dummy sink mode SlicedSinkMode 6∈ Mod which is added to every component
that had uninteresting modes. Furthermore, only those transition effects d := expr in f are
retained that assign to an interesting data element, i.e., d ∈ D. From the lists of modes in
which connections (including flows) and subcomponents (both, control and data) are active
all uninteresting modes are deleted. However, for subcomponents the SlicedSinkMode must be
added if the subcomponent was originally active in an uninteresting mode. This is necessary, since
not all modes in which subcomponents are active become interesting but only those from which
they are reactivated. Finally, all “empty” components, i.e., those that neither have interesting
data elements, interesting event ports, interesting modes nor non-empty subcomponents, are
completely removed in a bottom-up manner.

Since the next chapter introduces some relevant additional details and some optimisations
for the slicing algorithm, a formal definition of the resulting sliced specification is postponed to
section 7.7.



Chapter 7

Improvements of the Slicing

Algorithm

After introducing the basic slicing algorithm for Slim specifications in the previous chapter, the
present chapter deals with improvements of it. Some of them are necessary extensions for the
general correctness of the slicing algorithm:

• Considering reactivation of control components not supporting mode history but containing
interesting data elements or modes.

• Preserving divergence characteristics for liveness properties.

• Extensions to language constructs for hybrid behaviour.

Other improvements are optimisations to yield smaller sliced specifications by a more fine-grained
analysis on which elements should become interesting:

• Permanently active connections and flows do not need to make all modes interesting.

• Data elements interesting inside one component only are in fact “weak interesting”.

Each improvement is described in on of the following subsections, starting with the necessary
ones, before the complete improved version of the slicing algorithm is given in pseudo-code.

7.1 Considering Reactivation of Control Subcomponents

In the basic slicing algorithm, transitions – more precisely: their source modes – changing an
interesting data element become interesting. There, not only explicit changes by the transition’s
effect but also implicit ones by reactivating data subcomponents – which are reset to their de-
fault value in this case – are considered. Actually, there is another form of implicit changes by
transitions similar to the reactivation of data subcomponents: the reactivation of control sub-
componens. Those that do not support mode history are reset in this case and with them all their
data elements, that is, its incoming and outgoing data ports and its data subcomponents. The
severity is that not only direct but also indirect control subcomponents, that means, transitively
the subcomponents of subcomponents and so forth, must be considered. Furthermore, it does
not suffice to consider whether such a transitive control subcomponent itself maintains mode
history but the support for mode history of all subcomponents in between must be taken into
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account. Figure 7.1 illustrates a situation where this is necessary: On reactivation of component
B its transitive subcomponents C and D are reactivated as well. However, component C does
not support mode history, thus all its transitive subcomponents, here D, are reset – no matter
whether they support mode history or not. Obviously, this can change the values of incoming
data ports, like x, data subcomponents, like y, and outgoing data ports, like z, of D.

A

m m′reactivate B

B (initial)

C (activation)

D (initial)

x y z

Figure 7.1: Reactivation of B induces reset of transitive control subcomponents C and D.

This reasoning extends to modes since on the reactivation of a transitive control subcom-
ponent without transitive mode history its mode is reset to the start mode and this can affect
the reachability of interesting modes. In contrast, interesting events are handled indirectly: If
there is a transition using them as trigger or a forwarding connection not active in every mode
of a transitive subcomponent, at least one mode of it became interesting. This interesting mode
guarantees that reactivations of the transitive subcomponent are considered during slicing. If
an interesting event is never received by a transition and always forwarded in the same way, if
forwarded at all, then resets of the subcomponent do not matter.

For a formal characterisation, first of all the set of transitive control subcomponents of a
control component c ∈ CCmp, denoted as CSub+(c), has to be defined. Instead of a recursive
definition the prefix operator is applied: c @ c′ for c, c′ ∈ CCmp means c is a prefix of c′, i.e.,
c′ = c.c′′. Following the semantics of access paths, this states that c′ is a direct or indirect control
subcomponent of c.

CSub+(c) := {c′ ∈ CCmp | c @ c′}

Data elements and modes are reset in those transitive control subcomponents that do not
have transitive mode history, that is, either they themselves do not support mode history or
one of the transitive subcomponents occurring in between does not have mode history. The set
CSub+

¬MH(c) of transitive control subcomponents of a control component c ∈ CCmp which do
not have transitive mode history is defined as follows:

CSub+
¬MH(c) :=

{
c′ ∈ CSub+(c) |

∃c′′ ∈ CCmp : c @ c′′ v c′ ∧ ¬HasModeHistory(c′′)}
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However, not every reactivation of such components is important. Reactivation of a transitive
control subcomponent is relevant only, if this component contains a (strong) interesting data
element d ∈ D or an interesting mode m ∈ M. Consequently, the considered set is limited to:

CSub+
¬MH

∣
∣
DM

(c) :=
{
c′ ∈ CSub+

¬MH(c) |
Dat(c′) ∩ D 6= ∅ ∨ Mod (c′) ∩ M 6= ∅}

Now, a transition from mode ms to mt ∈ Mod (c) in a control component c ∈ CCmp might
reset a (strong) interesting data element or mode if a control subcomponent is reactivated that
is or contains a transitive control subcomponent of c with a (strong) interesting data element or
mode but without transitive mode history:

RelevantReactivation(ms, mt) :=
∃c′ ∈ CSub+

¬MH

∣
∣
DM

(c) : firstc(c
′) ∈ CSub(mt) \ CSub(ms)

For the formal definition the auxiliary function firstc(c
′) := csc ∈ CSub(c), so that c.csc v c′,

is used which returns for a transitive control subcomponent c′ of c the control subcomponent csc

of c in which it is contained. For example, firstA(A.B.C.D, A) is A.B for the system depicted in
figure 7.1.

Finally, a remark on reactivation of data subcomponents: Data subcomponents are reset
when they are reactivated due to a transition within the control component which they belong
to. However, when a control component with (transitive) mode history is reactivated as a whole,
its data subcomponents are not reset but keep their previous value!

7.2 Preserving Divergence Characteristics

Since the semantics of Slim does not impose any fairness assumptions, divergence characteristics
of specifications must be considered. For safety properties (“nothing bad happens”), which can
be falsified by finite execution path fragments, this is irrelevant, but for liveness properties
(“eventually something good happens”) the possibility of divergence matters as the example in
figure 7.2 demonstrates: The property “eventually component A reaches mode m′” is valid only
if component B is not present.

A

m m′

B

loop

Figure 7.2: Component B can block component A by cycling ad infinitum in loop and thus prevent
that mode m′ is reached by A.

To preserve divergence characteristics under slicing for a liveness property, every mode on a
syntactical cycle is made interesting. This can be done in the initialisation of M by extending it
to:

M := {m ∈ Mod | m occurs in ϕ ∨ m lies on a syntactical cycle}
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A mode m ∈ Mod (c) lies on a syntactical cycle when it can be reached from itself by tran-
sitively taking one or more transitions, i.e., (m, m) ∈ {(ms, mt) | (ms, t, g, f, mt) ∈ MTr(c)}+,
where R+ denotes the transitive closure of a binary relation R. Such cycles can be determined
using “Tarjan’s Algorithm” (cf. [38]). The wording “syntactical” indicates that triggers and
guards as well as mode invariants of intermediate modes are not considered. In fact, a mode on
a syntactical cycle might turn out to be unreachable from itself according to the Slim semantics,
depending on triggers, guards, and invariants. In the simplest case, a self-loop with guard false

is a syntactical cycle which does not result in a semantical one. Of course, a more sophisticated
analysis could identify this and some more complex situations. However, in general it is unde-
cidable whether a mode can be reached from itself since the halting problem can be reduced to
this question (cf. undecidability of finding minimal slices as described in [42]).

7.3 Extensions for Hybrid Behaviour

Two syntactic constructs of the Slim language that are used for describing hybrid behaviour (cf.
section 2.2.1) were not considered in the slicing algorithm described so far: First of all, boolean
conditions over the values of clock and continuous data subcomponents attached to modes as
mode invariants constrain, on the one hand, whether a certain mode can be entered and, on
the other hand, whether it is possible to stay in the current mode. The data subcomponents
read in such mode invariants of interesting modes become interesting. Actually, it suffices to
make them weak interesting (set W) as described shortly after in section 7.5. This guarantees
that the referred data subcomponents exist in the sliced specification as well and that they have
the same value as they would have in the unsliced specification – at least as far as interesting
modes are considered. Second, trajectory equations added to mode invariants describe how data
subcomponents d of type continuous change over time while the component is in the respective
mode by giving a constant value for the derivation, i.e., ḋ = r for some r ∈ R.

Altogether, the following lines have to be added to the fixpoint iteration of the slicing algo-
rithm:

/* Data subcomponents read in mode invariants */
for all m ∈ M do

W := W ∪ {d ∈ Dat | inv(m) reads d}

/* Modes changing strong interesting data subcomponents
by trajectory equation */

for all d ∈ D do

M := M ∪ {m ∈ Mod | ḋ = r ∈ inv(m) for some r ∈ R}

In the end, the sliced specification contains only the interesting modes whose invariants are
adapted as follows: The conditions stay unchanged but only those trajectory equations are
included that talk about (strongly or weak) interesting data elements, that is:

invsliced(m) := inv(m) \ {ḋ = r ∈ inv(m) | d 6∈ D ∪ W}.

Finally, the mode invariants inv(mt) of uninteresting modes mt ∈ Mod \ M targeted by
transitions from interesting modes ms ∈ M need a special treatment: They cannot simply be
removed together with the uninteresting mode since they still constrain whether an interesting
transition from ms to mt can be taken. One solution is to make the target modes, and not
only the source modes, of interesting transitions interesting as well. To avoid these additional
interesting modes, the boolean conditions b ∈ inv(mt) ∩ BExpr from the invariant of a target
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mode mt can be added to the guard g of every transition leading to this mode, instead. This
way, the possibilities of taking the transition are constrained as well. However, changes by the
transition’s effect f to the data elements occurring in the boolean conditions must be anticipated
by a corresponding substitution, denoted b[f ]. All this can be done in a preprocessing step so
that the slicing algorithm itself needs no further extensions:

MTr := {(ms, t, g
′, f, mt) | (ms, t, g, f, mt) ∈ MTr},

where g′ := (g) ∧
∧

b∈inv(mt)∩BExpr

( b[f ] )

7.3.1 No Adaption for Extended Models

In analogy to the extensions for hybrid behaviour, one could expect that the additional language
constructs used for model extension (cf. section 2.5) require additional treatment by the slicing
algorithm – but that is not the case. Error event ports are handled like normal outgoing event
ports. The only difference is that the distribution parameter has to be preserved, but that does
not change the slicing approach. Every other language construct used in an extended model is
valid for nominal models without error models as well. In particular, the reset trigger of compo-
nents with error model is transformed to errorSubcomponent.reset for a new subcomponent
errorSubcomponent having an incoming event port reset.

7.4 Permanently active connections and flows do not make

modes interesting

Since connections and flows targeting at interesting ports are important, all modes in which
they are active are made interesting by the basic slicing algorithm. This guarantees, that their
activation status is preserved in the sliced specification. However, when a connection or flow is
active in every mode of the component it belongs to, all of them become interesting. This is
excessive since the information that the connection or flow is always active would suffice.

This consideration leads to the following two changes in the slicing algorithm: Firstly, the
modes in which a connection or flow to an interesting port is active are made interesting only when
it is not active in every mode. For the formal definition the auxiliary function RealModeSubset
is used to filter out those sets containing all modes of a component c ∈ CCmp. For a set of
modes M = {(c, m0), . . . , (c, mn)} ⊆ Mod (c) it is defined as follows:

RealModeSubset(M) :=

{

M , M ( Mod (c)

∅ , otherwise

The basic slicing algorithm is changed by applying this filter whenever the modes in which
interesting connections or flows are active are made interesting. That means, instead of lines like

M := M ∪ {m ∈ Mod | connection/flow is active in m}

an instruction like

M := M ∪ RealModeSubset ({m ∈ Mod | connection/flow is active in m})

is used.
Secondly, it is necessary to adapt the original list of modes in which a connection or flow is

active for the sliced specification as follows: All interesting modes are kept while the uninteresting
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modes are removed from the list. If at least one uninteresting mode was contained in the list –
in that case, all modes must have been in there – the sink mode is added. This yields the desired
effect – for both, connections and flows that are not, and those that are always active.

7.5 Weak Interesting Data Elements

Data and control dependencies make parts of the specification interesting which were not in-
teresting in the first place. Sometimes, these make again other aspects interesting as described
in the fixpoint iteration of the basic slicing algorithm. However, this is not always necessary.
Consider the the example shown in figure 7.3 with a property reasoning about the reachability
of mode m1. Obviously the value of the data subcomponent ok must be known in mode m0

because it occurs in the guard of the transition from m0 to m1. Due to the fact that the value
of ok is changed by the transition from m2 to m3, the mode m2 and all data elements read in
expr become interesting as well. But actually, this change of ok is irrelevant for the reachability
of mode m1 and consequently too many things were unnecessarily made interesting.

ok: bool := true

m0 m1 m2 m3
when ok = true then ok := expr

Figure 7.3: The reachability of mode m1 makes data subcomponent ok weak interesting, not
(strong) interesting.

To avoid such situations, a distinction is made between (strong) interesting and weak inter-
esting data elements. Weak interesting data elements are data elements which are needed to
evaluate guards – like ok in the previous example – or right hand sides of assignments within
a component as long as it is inside an interesting mode – like m1 and its predecessor m0 in
the mentioned example. In uninteresting modes, changes to weak interesting data elements –
as by the transition from m2 to m3 in the given example – do not matter and thus no other
elements are made interesting by such changes. Due to the differentiation between interesting
and uninteresting modes of the control component to which a data element belongs, the notion
weak interesting works only within a component. Consequently, only data subcomponents and
outgoing data ports – as long as they are not forwarded and read by another component – can
be weak interesting. Contrariwise, incoming data ports can only be (strong) interesting but not
weak interesting since their value is provided from outside the component.

This improvement is implemented in the slicing algorithm by the introduction of a new set W

collecting the weak interesting data elements while D denotes the set of (strong) interesting data
elements. Furthermore, the inclusions of data elements read in guards and right hand sides of
assignments to the set D are changed to inclusions to the set W. However, every weak interesting
incoming data port is automatically (strong) interesting since the notion of weak interesting is
restricted to single components. For the same reason, all source ports of data port connections
and flows to weak interesting (outgoing) data ports are made (strong) interesting, not weak
interesting. In opposite to data port connections or flows to (strong) interesting data ports, the
modes in which such data port connections or flows are active do not become interesting.
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The resulting sliced specification contains all (strong) interesting and all weak interesting data
elements. However, for the weak interesting data elements only the assignments to them taking
place in the interesting part of the modes is preserved while all others are removed together with
the uninteresting modes themselves. Finally, the list of modes in which data port connections
or flows to only weak interesting outgoing data ports as well as the list of modes in which only
weak interesting data subcomponents – or – control subcomponents transitively containing weak
interesting but neither (strong) interesting data elements nor modes are active have to be adapted
by removing all uninteresting modes. Again, this can be done since the changes that would take
place in uninteresting modes are irrelevant.

7.6 The Improved Slicing Algorithm

Listing 7.1 shows the initialisation and listing 7.2 the fixpoint iteration of the complete improved
slicing algorithm.

/* Initialisation */
D := {d ∈ Dat | d occurs in ϕ};
W := ∅;
E := ∅;
M := {m ∈ Mod | m occurs in ϕ ∨ m lies on a syntactical cycle};

/* Fixpoint Iteration */
repeat

... see listing 7.2 ...
until nothing changes;

Listing 7.1: Initialisation of the improved slicing algorithm.

7.7 The Improved Sliced Specification

After the informal description of the basic resulting sliced specification in section 6.5, this section
gives a formal definition of S

ϕ
sliced, including all discussed extensions and improvements.

Control Components First of all, all control components with strong interesting data ele-
ments1, interesting events or interesting modes are interesting and thus contained in the sliced
specification.

CCmpsliced := {c ∈ CCmp | D(c) ∪ E(c) ∪ M(c) 6= ∅},
where D(c) := D ∩ Dat(c)

E(c) := E ∩ EPrt(c)
M(c) := M ∩ Mod (c)

Of course, this propagates bottom-up to the supercomponents:

c.csc ∈ CCmpsliced ⇒ c ∈ CCmpsliced

1Weak interesting data elements do not have to be considered because they can exist only if at least some
(strong) interesting element exists in the component.
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/* Transitions that update/reactivate strong interesting data elements,
perform a relevant reactivation or have interesting triggers */

for all ms
t,g,f
−→ mt ∈ MTr with ∃d ∈ D : f updates d

or ∃d ∈ D : d ∈ DSub(mt) \ DSub(ms)
or RelevantReactivation(ms, mt)
or t ∈ E

do M := M ∪ {ms};

/* Modes changing strong interesting data subc. by trajectory equation */
for all d ∈ D do

M := M ∪ {m ∈ Mod | ḋ = r ∈ inv(m) for some r ∈ R}

/* Transitions from/to interesting modes */

for all ms
t,g,f
−→ mt ∈ MTr with ms ∈ M or mt ∈ M do

W := W ∪ {d ∈ Dat | g reads d}
∪ {d ∈ Dat | f updates some d′ ∈ (D ∪ W) reading d};

E := E ∪ {t};
M := M ∪ {ms};

/* Data subcomponents read in mode invariants */
for all m ∈ M do

W := W ∪ {d ∈ Dat | inv(m) reads d}

/* Weak interesting incoming data ports are strong interesting */
D := D ∪ (IDPrt ∩ W) ;

/* Data flows to strong interesting data ports */
for all d := a ∈ Flw with d ∈ D do

D := D ∪ {d′ ∈ Dat | a reads d′};
M := M ∪ RealModeSubset ({m ∈ Mod | d := a ∈ Flw(m)}) ;

/* Data flows to weak interesting data ports */
for all d := a ∈ Flw with d ∈ W and ∃m ∈ M : d := a ∈ Flw(m) do

D := D ∪ {d′ ∈ Dat | a reads d′};

/* Data port connections to strong interesting data ports */
for all d → d′ ∈ DCon with d′ ∈ D do

D := D ∪ {d};
M := M ∪ RealModeSubset ({m ∈ Mod | d → d′ ∈ DCon(m)}) ;

/* Data port connections to weak interesting data ports */
for all d → d′ ∈ DCon with d′ ∈ W and ∃m ∈ M : d → d′ ∈ DCon(m) do

D := D ∪ {d};

/* Event port connections involving interesting event ports */
for all e e′ ∈ ECon with e ∈ E or e′ ∈ E do

E := E ∪ {e, e′};
M := M ∪ RealModeSubset ({m ∈ Mod | e e′ ∈ ECon(m)}) ;

Listing 7.2: Fixpoint iteration of the improved slicing algorithm.
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Modes A sliced control component c ∈ CCmpsliced basically contains all its interesting modes
and a dummy sink mode SlicedSinkMode 6∈ Mod collectively representing all uninteresting
modes if such one(s) exist(s):

Mod sliced(c) := {m ∈ Mod(c) | (c, m) ∈ M}

∪

{

SlicedSinkMode , ∃m ∈ Mod(c) : (c, m) 6∈ M

∅ , otherwise

The starting mode stays unchanged, in particular its type, i.e., initial or activation. Only
if the original starting mode is not interesting – in this case, no mode at all is interesting since
the starting mode is a (transitive) predecessor of every mode and would thus be included by the
fixpoint iteration as soon as some mode is interesting – the new mode SlicedSinkMode is set
as starting mode. Its type is copied from the original starting mode.

stmsliced(c) :=

{

stm(c) , (c, stm(c)) ∈ M

SlicedSinkMode , otherwise

The boolean conditions in invariants of interesting modes m ∈ Mod sliced(c)\{ SlicedSinkMode}
are completely preserved while only those trajectory equations are included that talk about strong
or at least weak interesting data elements:

invsliced(c, m) := (inv(c, m) ∩ BExpr) ∪ {ḋ = r ∈ inv (c, m) | (c, d) ∈ D ∪ W}

The invariant of the new mode SlicedSinkMode is empty, i.e., always fulfilled:

invsliced(c, SlicedSinkMode) := ∅

Data Elements All strong and weak interesting data elements are included in a sliced control
component c ∈ CCmpsliced. While incoming data ports are always strong interesting as soon as
they become weak interesting, outgoing data ports and data subcomponents can indeed be only
weak but not strong interesting, requiring to consider the union of D and W for them.

DSubsliced(c, m) := {dsc ∈ DSub(c, m) | (c, dsc) ∈ D ∪ W}
DSubsliced(c, SlicedSinkMode) := {dsc ∈ DSub(c) |

(c, dsc) ∈ D ∧ ∃m ∈ Mod(c) : ((c, m) 6∈ M ∧ dsc ∈ DSub(c, m))}
IDPrtsliced(c) := {idp ∈ IDPrt(c) | (c, idp) ∈ D}
ODPrtsliced(c) := {odp ∈ ODPrt(c) | (c, odp) ∈ D ∪ W}

For data subcomponents, the modes in which they are active must be adapted: Both, strong
and weak interesting data subcomponents are obviously active in every interesting original
mode m ∈ Modsliced(c) \ { SlicedSinkMode} in which they were active in the unsliced spec-
ification. Furthermore, strong interesting data subcomponents have to be active in the new
SlicedSinkMode if they were active in some uninteresting mode of the original specification.

This results from the fact that not all modes in which strong interesting data elements are active
become interesting by the fixpoint iteration but only those from which a strong interesting data
element is changed, either by explicit transition effect, by the mode’s invariant or by an outgoing
transition reactivating the data element. Consequently, a strong interesting data element can
indeed be active in an uninteresting mode. However, it is guaranteed that this data element is
never changed again as soon as an uninteresting mode is entered. In particular, no assignment
to and no reset by reactivation of strong interesting data elements can occur. The only change
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that might happen to a strong interesting data element in uninteresting modes is that it be-
comes deactivated. But that can be ignored as properties must not reason about deactivated
elements. If the property considers the mode of components to find out whether a certain data
subcomponent is active, these modes are guaranteed to be contained in the sliced specification
since every mode occurring in the property is made interesting in the initialisation of the slicing
algorithm. Hence, it is safe to make the data element active in every uninteresting mode, i.e.,
in SlicedSinkMode. Weak interesting data elements – whose values are interesting only while
their defining component is in interesting modes – do not have to be active in SlicedSinkMode.

Event Ports Analogously to data ports, all interesting event ports are included in the sliced
component:

IEPrtsliced(c) := {iep ∈ IEPrt(c) | (c, iep) ∈ E}
OEPrtsliced(c) := {oep ∈ OEPrt(c) | (c, oep) ∈ E}

Control Subcomponents The set of control subcomponents for a sliced control component
c ∈ CCmpsliced can be derived from the set of all sliced control components. However, the modes
in which such control subcomponents are active must additionally be given. For interesting modes
m ∈ Mod sliced(c) \ { SlicedSinkMode} the original activation status is preserved:

CSubsliced(c, m) := {csc ∈ CSub(c, m) | c.csc ∈ CCmpsliced}

In the sliced sink mode, all control subcomponents having or being a transitive control subcom-
ponent with an interesting data element, an interesting mode or with an interesting event – or
simply: control subcomponents contained in the sliced specification – that were active in at least
one uninteresting original mode are active. On the one hand, this guarantees that components
are not disabled too soon and that the possible behaviour is not restricted too much. On the other
hand, possible later deactivations of control subcomponents do not matter – comparable to deac-
tivations of strong interesting data elements in uninteresting modes. Furthermore, as discussed
in section 7.1, no relevant reactivation of control subcomponents can take place in uninteresting
modes. In particular it is important, that for control subcomponents which are not active in
every original mode no (data and event) communication between it and its supercomponent can
take place in uninteresting modes of the supercomponent.

CSubsliced(c, SlicedSinkMode) := {csc ∈ CSub(c) |
c.csc ∈ CCmpsliced ∧ ∃m ∈ Mod(c) : ((c, m) 6∈ M ∧ csc ∈ CSub(c, m))}

Transitions The sliced transition relation of a sliced control component c ∈ CCmpsliced

contains all transitions ms
t,g,f
−→ mt ∈ MTr leaving an interesting mode (c, ms) ∈ M with

slight modifications: If the target mode is not interesting, i.e., (c, mt) 6∈ M, it is replaced by
SlicedSinkMode. Furthermore, only those transition effects d := expr in f are retained that

assign to a strong or weak interesting data element, i.e., (c, d) ∈ D ∪ W. In fact, for transitions
to uninteresting target modes only assignments to strong interesting data elements are needed.

MTrsliced(c) := {(ms, t, g, adaptEffectc(f, mt), adaptTargetModec(mt)) |
(ms, t, g, f, mt) ∈ MTr(c) with (c, ms) ∈ M},

where

adaptEffectc(f, mt) :=

{

{d := expr ∈ f | (c, d) ∈ D ∪ W} , (c, mt) ∈ M

{d := expr ∈ f | (c, d) ∈ D} , (c, mt) 6∈ M

adaptTargetModec(mt) :=

{

mt , (c, mt) ∈ M

SlicedSinkMode , otherwise
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The SlicedSinkMode indeed does not need any outgoing transition as it is impossible to change
an interesting data element, to send or receive an interesting event or to reach an interesting
mode as soon as an uninteresting mode – which is represented by SlicedSinkMode – has been
entered by the original component.

Flows & Connections For every interesting mode m ∈ Mod sliced(c) \ { SlicedSinkMode}
the active flows to strong or weak interesting data elements are kept in the sliced specification:

Flw sliced(c, m) := {(d, a) ∈ Flw (c, m) | (c, d) ∈ D ∪ W}

Furthermore, the flows to strong interesting data elements that are active in every original mode
are kept active in the sliced sink mode:

Flw sliced(c, SlicedSinkMode) := {(d, a) ∈ Flw (c) |
(c, d) ∈ D ∧ ∃m ∈ Mod(c) : ((c, m) 6∈ M ∧ (a, d) ∈ Flw (c, m))}

The same applies for data port connections:

DConsliced(c, m) := {(sp, tp) ∈ DCon(c, m) | (c, tp) ∈ D ∪ W}
DConsliced(c, SlicedSinkMode) := {(sp, tp) ∈ DCon(c) |

(c, tp) ∈ D ∧ ∃m ∈ Mod(c) : ((c, m) 6∈ M ∧ (sp, tp) ∈ DCon(c, m))}

Analogously, event port connections are handled:

EConsliced(c, m) := {(sp, tp) ∈ ECon(c, m) | (c, tp) ∈ E}
EConsliced(c, SlicedSinkMode) := {(sp, tp) ∈ ECon(c) |

(c, tp) ∈ E ∧ ∃m ∈ Mod(c) : ((c, m) 6∈ M ∧ (sp, tp) ∈ ECon(c, m))}

7.7.1 Retransformation to SLIM code

The resulting specification S
ϕ
sliced is again a valid Slim specification (except the fact that only

syntactically required buses which do not have any semantical effect are missing). In particular,
every object referenced in it is indeed declared as it was included in the fixpoint iteration, e.g., the
data elements used in the guards of interesting transitions. Thus, S

ϕ
sliced can be retransformed to

Slim code. However, for each component instance an own component type and implementation
must be created since component instances which were of the same type or implementation in
the original specification might differ after slicing (cf. section 6.2). This might result in a longer
Slim code than for the unsliced specification, but that does not have any negative effects on
the induced state vector and state space sizes. To achieve that, the original component and
implementation names are overwritten:

catsliced(c) := UAccessPath(c)
impsliced(c) := UAccessPath(c).Impl
typsliced(c) := typ(c)
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7.8 Possible Further Refinements

Beyond the optimisations presented so far, one can think of further refinements. Three of them
are briefly discussed here:

• The mode information of a component could be treated as a data element that is either
interesting or not – but it was not. Instead, uninteresting modes were identified an sliced
away. This approach could be extended to the values of data elements to realise data
abstraction: The type of a data element determines which values it theoretically can have.
However, using data flow analysis, the slicing algorithm should be able to determine which
values a data element possibly can have – and which ones not. For example, the data
ports x, y and sum of the IntegerAdder component presented in section 9.2 are of type
int but can only contain the values 0, . . . , 30 or 0, . . . , 60, respectively. This information
could be used to change the data type to a smaller one and thus to reduce the memory
required to store an individual state. However, the overall state space size is not reduced
by this. Therefor it would be necessary to combine different values with somehow the same
meanings, that is, to partition the value domain into equivalence classes.

• In the presented versions of the slicing algorithm, every predecessor of an interesting mode
is made interesting. However, perhaps it is possible to joint some intermediate modes,
which do not affect the validity of a property, that occur between really interesting modes.

• Instead of making all modes interesting in which an interesting connection or flow is active
in the original specification, this is done in the improved slicing algorithm only for connec-
tions and flows that are not active in every mode which avoids that unnecessarily every
mode becomes interesting. This idea can be ported to trajectory equations: For those
(strong) interesting data elements to which the same derivation is assigned in every mode,
no mode has to be made interesting based on the attached trajectory equation. Instead, a
corresponding trajectory equation must be added to the SlicedSinkMode.
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Evaluation and Conclusions
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Chapter 8

Implementation and Practical

Issues

The translation of Slim specifications to Promela programs, as described in part II, and the
slicing algorithm for Slim specifications, that was introduced in part III, were implemented in
Python [2], the programming language used for the Compass project. This gave allowance to
reuse the Slim parser and the code for model extension that were developed within the Compass

project. About 5,900 lines of new code were written by the author. A lot of them are dealing
with uninteresting practical issues such as the elimination of underscores in the names occurring
in the component hierarchy, necessary because the underscore is needed in the translation to
separate the identifiers on an access path (cf. UAccessPath(c) in section 4.1), or filling up of
empty in modes lists which implicitly contain every mode.

This chapter gives a short overview of the implementation and how to use it and concludes
with some other lessons learned about working in projects.

8.1 How to perform Model Checking

The translation of Slim specifications to Promela programs is implemented in the module
translation.py in the Compass-repository in the path ./Prototype/Code/trunk/tools/-

slim compiler/src/promela. It contains the convenience function doTranslation which, if it
is provided with the root’s component implementation and a list of named atomic propositions,
returns the Promela code.

In order to perform model checking of Slim specifications with Spin in an easy way, based
on this translation to Promela, the Python program script.py, which can be found in the
same location, controls all necessary steps. It can be run with the following main parameters:

python script.py (name of text file containing Slim declarations)+

[ -p name of XML file containing properties ]
[ -f name of XML file describing fault injections ]

Additional parameters are:

• For Fault Injection / Model Extension:

◦ --storefaultinjectionresult: The extended Slim specification is stored in a file.

113
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• For Slicing:

◦ --noslicing: Disables slicing.

◦ --cycleslicing=(on|off|auto): Determines whether modes on syntactical cycles are
always (on), never (off) or automatically whenever needed, depending on the property
(auto, default), included in the sliced specification.

◦ --storeslicingresult: If given, the Slim specification resulting from slicing is writ-
ten to a file.

◦ --verboseslicing: Prints out verbose information about the slicing process to screen.

• For Memory Management (forwarded to Spin):

◦ --collapse: Activates Spin’s state vector compression.

◦ --ma=int : Tells Spin to use the minimized automaton representation for the state
space; needs upper bound int for the sizes of the state vectors.

◦ --memlim=int : Limits the memory that should be used by Spin to int megabytes.

• Miscellaneous:

◦ -r root : Name of the root’s component implementation. Necessary only if no unique
component implementation that is never used as a subcomponent is contained in the
specification.

◦ -v: Prints out verbose information to screen.

◦ --simulate=length: Adds printfs to the generated Promela code and performs
simulation with Spin, bounded to the given length.

◦ --sdstart=,--sdfactor=,--sdadd=,--sdmax=int : Used to iteratively try out in-
creasing search depth bounds for Spin.

◦ --nospin: Disables invocation of Spin.

In order to make script.py work correctly, Spin must be installed in a path contained in the
search path.

8.2 How to invoke Slicing

The slicing of Slim specifications with respect to a list of atomic propositions is implemented in
the module slicing.py in the Compass-repository under ./Prototype/Code/trunk/tools/-

slim compiler/src/slicing. It contains the convenience function doSlicing which, if it is
provided with the root’s component implementation and a list of atomic propositions, returns
the sliced Slim specification.

8.3 Other Lessons Learned

The reader might perceive the work presented in this thesis as not very complex and difficult.
Indeed, a lot of the handling time went into implementation and debugging. Although I learned
a lot – especially on coordination issues – while being affiliated to the international Compass

project team with developers in Aachen, Germany and Trento, Italy, the fact that the project was
still ongoing made the implementation more difficult. First of all, the source code that I reused
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was not-yet documented. With Python, in which variables and parameters are not declared to
be of a certain type, this meant a lot of try-and-error combined with introspection to find out
how to use it. Second, the sources were still subjects to changes whenever a new demand or a
conceptual problem arised in the project. Due to the fact, that my work was only affiliated to
but not part of the official Compass project, I had to follow these changes nearly without any
influence on them. Third, I had to do some kind of beta-testing: By reusing the Compass code,
some of the bugs in there became bugs of my own program. Similarly, by comparing the model
checking results from Spin with those produced by the Compass toolset, some questions arised
which had to be discussed in the team – a process which itself takes time. The following lists of
tickets that I opened illustrates this situation:

• #230 “Strange Model-Checking Results”, which led to the inclusion of deadlock checking
in the Compass GUI.

• #299 “Not checked: In Data Ports of root must have default value (G-5)”, a missing check
in the parser.

• #300 “Default value for root’s in data ports is not used”, which revealed that the translation
from Slim to SMV did not consider those values.

• #313 “Flow of integer comparison to boolean out data port breaks simulation/deadlock
checking/model checking”, pointing to a bug in the Slim parser’s typing system.

• #320 “Missing checkbox “model extended by Fault Injections” for Deadlock Checking”,
triggering a discussion about masking as well as introducing new deadlocks by model ex-
tension.

• #324 “Model Extension breaks Flows”, elaborating a blocking error in the concept of model
extension which turned out to be in general more difficult with flows.

• #377 “BDD Model Checking immediately says unknown”, leading to the discovery of a
bug in the translation of properties to formulas.

• #381 “Problem with precedenceGlobal pattern”, again about a bug in the translation of
properties to formulas.

• #390 “Correct propositional properties with SAT Model Checking”, provoking a discussion
about bounded SAT-based model checking.

• #14 “Support for more operators in the SLIM language”, reopened because the unary
minus was not completely implemented.

Many other issues were discusses directly with the team members in Aachen, bypassing the
official ticket system. The most important ones were:

• “Multiple Receiving of the same Event by one Component”, describing a problem when
fan-out is used with event port connections targeting at different event ports of the same
component. As a result, the syntactic restriction (G-11) was added to [37].

• “Fault Injection makes unaffected Properties false, possibly be breaking flows”, a discussion
leading to ticket #324.

• “Case Expressions in Fault Injections”, revealing some problems with that.
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• “Probabilistic Transitions with effects in Syntax and Compiler”, which led to the removal
of probabilistic transitions from the Slim syntax. They were initially planned to be used
for representation of probabilistic error occurrences after model extension, but became
superfluous as model extension changed.

• “Reset on Deactivation vs. Reset on Reactivation”, dealing with an inconsistency between
the Slim semantics, which originally defined that data subcomponents are reset to their
default value when they become deactivated, and the translation to SMV, which resets
data subcomponents on their reactivation.

The point in those lists is, that again and again issues came up that were not within the
scope of my work but hindered or even blocked it. This makes an important difference to a
rather “stand-alone” purely theoretical thesis.

Finally, I would like to mention that a minor undocumented limitation of Spin parsing
Promela code was identified by testing model checking of Slim specifications with Spin: names
of process types must not exceed length 55. Presented to Gerard Holzmann, he decided to increase
the allowed length in the next release of Spin.



Chapter 9

Experimental Results

Having described the translation of Slim specifications to Promela programs in part II and
a slicing approach for Slim specifications in part III, the question arises whether these are
correct. Based on the formal semantics of Slim it is expected that formal correctness proofs
can be established. For the correctness of slicing it should suffice to show that the original and
the sliced specification, both containing only the atomic propositions from the property under
consideration as labels, are stutter bisimilar since stuttering bisimulation is known to preserve
LTL without the Next operator. For a correctness proof of the translation the problem arises that
no precise, formal semantics of Promelais defined (except by the Spin source code). However,
formal correctness proofs are not within the scope of this thesis. Instead, the implementation
described in the previous chapter was used to run tests and case studies as a sanity check. For
all tests and examples that were run, the model checking results using Spin agreed with the
intuition on the validity of the considered properties and with the results obtained from the
Compass toolset. Furthermore, the results of model checking without and with slicing never
differed.

Beyond correctness, another important question is how resource demanding model checking
Slim specifications with Spin is. In particular, the effectiveness of slicing is reflected by differ-
ences in the resource demands for model checking unsliced and sliced specifications. In each of
the following subsections an example Slim specification together with properties and sometimes
extended with error behaviour is introduced before the corresponding resource demands collected
by running Spin on those examples are discussed. The taken measures are:

• State Vector Size (|SV |): The amount of bytes needed by Spin to store all information
about one single state.

• State Space Size (#States): The number of states generated by Spin during model check-
ing. Note that often only a part of the whole state space is generated by Spin, e.g., for
invalid invariants model checking can terminate as soon as a counterexample is found.

• Memory: The amount of megabytes needed by Spin to store all generated states.

• Time: The duration of model checking in seconds.

• Hash Collisions (#HC): For one example, also the number of hash collisions is given. Spin

stores the generated states in a hash table. Whenever to different states have the same
hash value this is called a hash collision. Those collisions are resolved as usual by storing a
list of sates under the hash value in question. However, resolving hash conflicts consumes
time as well so that avoiding hash collisions is beneficial.
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9.1 Negate Random Bit

The introductory example from listing 2.1 (page 16) models a component (root.negator, in-
stance of Negator.Impl) negating a boolean value which is provided as input from a random
bit generator (root.randomBit, instance of RandomBit.Impl). The following properties were
introduced and discussed for this Slim specification in section 2.6:

• ϕ1 := � (root.negator.neg= ¬root.negator.pos)

• ϕ2 := ¬root.negator.neg

• ϕ3 := �¬ (root.randomBit.value)

• ϕ4 := ♦ (root.randomBit.value)

Table 9.1 shows the results of model checking the specification for these properties. Here, the
non-duality of the property patterns absence global (ϕ3) and existence global (ϕ4), as discussed in
section 2.6, becomes obvious. Furthermore, the table shows the resource demands for performing
model checking on the original (unsliced) and on sliced specifications. The different numbers of
states analysed for unsliced specifications result from the following facts: Property ϕ1 requires
analysing the full state space (105 states), since it is a valid invariant. For property ϕ2 of
pattern propositional, only the first stable state, which is reached after 26 non-stable states, has
to be analyzed. Both properties ϕ3 and ϕ4 do not require a search through the full state space
because they are violated and thus, as soon as a counterexample is found, the model checker
can terminate. However, for all properties the state vector of the unsliced specification has –
in principle – the same size. This is different with the sliced specifications: For properties ϕ1

and ϕ2, the state vector size is already reduced to 68 byte (81% of its original size) although
nearly everything of the specification is interesting for it. The only element that could be sliced
away is the syntactically required but semantically irrelevant empty bus. As properties ϕ3 and
ϕ4 do only reason about root.randomBit, for them the component root.negator can be sliced
away as well. Consequently, the state vector size reduces even more, namely to 52 byte (61%).
For the same reasons, a similar reduction is found with resprect to the amount of states (about
83% for ϕ1 and ϕ2, 45% for ϕ3 and ϕ4). This gives a first impression of the benefitial effects
of slicing while preserving the model checking result. For this very small example, memory and
time consumptions do not differ (baseline memory requirement of 2.195 MB and time consuption
is reported by SPIN with either “0.00” or “0.01” seconds) and are thus not listed in the table.

Property Sliced? Result |SV | #States

ϕ1
unsliced true 84 105
sliced true 68 88

ϕ2
unsliced false 84 27
sliced false 68 22

ϕ3
unsliced false 84 54
sliced false 52 24

ϕ4
unsliced false 88 69
sliced false 52 32

Table 9.1: Comparison of results and resource demands for model checking the unsliced vs. the
sliced specification of Negate Random Bit.



9.2. INTEGER ADDER 119

Property Sliced? Result |SV | #States

ϕ1
unsliced false 104 188
sliced false 84 165

ϕ2
unsliced false 104 33
sliced false 84 28

ϕ3
unsliced false 104 66
sliced false 52 24

ϕ4
unsliced false 104 84
sliced false 88 59

Table 9.2: Model checking results and resource demands for the extended Negate Random Bit
model.

Beyond the nominal specification, error behaviour for the negator component was described
in section 2.5. This changes two things: First of all, the property ϕ1 is not valid any more
since the output root.negator.neg is permanently set to false by the fault effect. Secondly,
the extended model is more complex which leads to bigger state vector sizes for all properties
and a bigger state space at all. Table 9.2 gives the model checking results and resource demands
for the extended model. Again, state vector and state space size can be reduced by slicing to
average 72% of the their original size. The best slicing result is obtained for property ϕ3 with a
reduction to 50% of the state vector size and to 36% of the states.

9.2 Integer Adder

Listing 9.1 gives the Slim specification of an component adding two integers (IntAdder.Impl).
This component receives two integer values between 0 and 30 as inputs, randomly generated by
RandomIntValue.Impl exploiting the possibility of nondeterminism for the transition relation.
Figure 9.1 visualises this specification.

----- root: IntAdderFrame.Impl -----------------------------system IntAdderFrameend IntAdderFrame;system implementation IntAdderFrame.Implsubcomponents
intValue1: system RandomIntValue.Impl accesses aBus;

intValue2: system RandomIntValue.Impl accesses aBus;

intAdder: system IntAdder.Impl accesses aBus;

aBus: bus Bus.Impl;connectionsdata port intValue1.value -> intAdder.x;data port intValue2.value -> intAdder.y;modes
chooseIntValue1: activation mode;
chooseIntValue2: mode;transitions
chooseIntValue1 -[intValue1.update]-> chooseIntValue2;

chooseIntValue2 -[intValue2.update]-> chooseIntValue1;
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----- root.intValue[1|2]: RandomIntValue.Impl --------------system RandomIntValuefeatures
value: out data port int default 2;

update: in event port;end RandomIntValue;system implementation RandomIntValue.Implmodes
cycle: activation mode;transitions
cycle -[update then value := 0]-> cycle;

cycle -[update then value := 1]-> cycle;

-- and so on with value := 2 ,... ,29

cycle -[update then value := 30]-> cycle;end RandomIntValue.Impl;

----- root.intAdder: IntAdder.Impl -------------------------system IntAdderfeatures
x: in data port int;
y: in data port int;
sum: out data port int;end IntAdder;system implementation IntAdder.Implflows
sum := x + y;end IntAdder.Impl;

----- root.aBus: Bus.Impl ----------------------------------bus Busend Bus;bus implementation Bus.Implend Bus.Impl;

Listing 9.1: Integer Adder in SLIM
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root

root.random1
value

loop

value := 0 . . . 30

root.random2
value

...

root.adder

x

y

sum
sum := x + y

Figure 9.1: Visualisation of Integer Adder specification.

For this specification, the following properties were defined:

• ϕ1 := � (0 ≤ intAdder.sum∧ intAdder.sum≤ 60)

• ϕ2 := � (0 ≤ intValue1.value∧ intValue1.value≤ 30 ∧
0 ≤ intValue2.value∧ intValue2.value≤ 30)

• ϕ3 := � (0 ≤ intValue1.value∧ intValue1.value≤ 30)

• ϕ4 := ♦ (intValue1.value 6= intValue2.value)

• ϕ5 := �¬ (intValue1.value 6= intValue2.value)

The properties ϕ1, . . ., ϕ3 claiming correct bounds are valid invariants and thus require a full
state space search. Both properties ϕ4 and ϕ5 are invalid invariants – again demonstrating the
non-duality of existence global and absence global – and thus model checking can be aborted as
soon as a violating state is found instead of analysing the whole state space. Table 9.3 shows
the results and resource demands of model checking for the unsliced Integer Adder specification
whereas table 9.4 shows the corresponding values for the sliced specifications. The differences in
the resource demands when sliced for ϕ1, . . ., ϕ3 results from the differences in the corresponding
sets of interesting data elements: While for ϕ1 every data port is needed, for ϕ2 the whole
root.adder component can be removed and for ϕ3 only intValue1.value is interesting. The
removal of the empty bus component accounts for the reduction from the unsliced specification
to the one sliced for ϕ1. The state vector size could be reduced to 88% for ϕ1 and to average 58%
for the other properties. The overall reduction of the state space size and memory requirements
are even more impressive: from average 49% for ϕ3 and ϕ4 down to 2.23% for ϕ2 and to 0.07%
for ϕ3.

Property Result |SV | #States Memory Time

ϕ1, ϕ2, ϕ3 true 128 1,207,046 171.873 3.87
ϕ4 false 132 196 8.299 0.01
ϕ5 false 128 65 8.299 0.00

Table 9.3: Model checking results for the unsliced Integer Adder specification.
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Property Result |SV | #States Memory Time

ϕ1 true 112 1,306,985 165.037 3.67
ϕ2 true 76 26,925 11.424 0.10
ϕ3 true 72 885 8.397 0.00
ϕ4 false 76 93 8.299 0.00
ϕ5 false 76 33 8.299 0.00

Table 9.4: Model checking results for the sliced Integer Adder specification.

For property ϕ1 a non-beneficial anomaly of slicing becomes apparent which leads to an
increase in the state space size to 108%. However, the actual problem is not with slicing itself but
with the ordering of subcomponents in the Promela code. The implemented translation handels
subcomponents in the order of their storage in the data structure provided by the parser. This
can be done since neither the Slim semantics nor the concepts used in the translation depends
on the ordering of subcomponents. Actually, the state space of the resulting Promela program
should be independent from that order. For example, during multiway event communication (cf.
section 4.5) it does not matter in which order the message is forwarded to the subcomponents.
Since changes to outgoing data ports are buffered, this holds for invalidate-update-cycles, as
described in section 4.6, as well. For the same reason, the implementation of slicing does not
take care of preserving the order of subcomponents within the parser data structure. However, for
Spin’s optimisation techniques, in particular for partial order reduction (cf. section 3.3.1), this
order of communication with processes implementing subcomponents is crucial. The anomaly
for slicing the Integer Adder specification with respect to property ϕ1 results exactly from the
fact that the slicing algorithm changed the order of subcomponents and had the misfortune that
a worse ordering for Spin’s optimisation techniques resulted. This argument is supported by the
fact that slicing can reduce the state space size from 1,654,872 to 1,420,383 (86%) when Spin’s
optimisation techniques are disabled. The only sensible conclusion from this is that the ordering
of communication with processes should be optimised for Spin’s optimisation techniques but this
seems to be a non-trivial challenge.

9.2.1 Simulation of SLIM specifications

In addition to model checking Slim specifications, they can be simulated by Spin as well based
on the translation to Promela. This is realised by adding printf statements to the Promela

code and invoking Spin with the parameters for simulation, e.g., a bound for the length. The
simulation contains the most important intermediate steps, e.g., taking a transition or receiving
update requests, associated to the corresponding Slim control component. Whenever a stable
state is reached, this, i.e., mode information and data values of all components, is printed out.
However, for modes only their integer representative (cf. section 4.2.1) is given but not retrans-
lated to the mode name. Listing 9.2 gives the initial fragment of the a simulation for the Integer
Adder example where the following integer representation of modes is used: chooseIntValue1

7→ 0, chooseIntValue2 7→ 1, DefaultInitialMode 7→ 2, cycle 7→ 3.

-- Omitted: Communication for activation & initialisation

-- of component hierarchy.

NEW STABLE STATE:

root.intAdder.x=2, root.intAdder.y=2, root.intAdder.mode=2,

root.intValue1.value=2, root.intAdder.sum=4, root.mode=0,
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root.intValue1.mode=3, root.aBus.mode=2, root.intValue2.mode=3,

root.intValue2.value=2

root: Got semaphore to take its next transition!

root_intValue1: receives trymultiway request for ’update ’

root_intValue1: takes reactive transition:

cycle -[update then value := 26]-> cycle

root_intValue1: enters state ’cycle ’

root: takes master transition:

chooseIntValue1 -[intValue1.update]-> chooseIntValue2

root: enters state ’chooseIntValue2 ’

root: update with new input values:

root_intAdder: update with new input values: y=2, x=2

root_intAdder: update finally lead to new output values: sum=4

root_aBus: update with new input values:

root_aBus: update finally lead to new output values:

root_intValue1: update with new input values:

root_intValue1: update finally lead to new output values: value =26

root_intValue2: update with new input values:

root_intValue2: update finally lead to new output values: value=2

root_intAdder: update with new input values: y=2, x=26

root_intAdder: update finally lead to new output values: sum=28

root_aBus: update with new input values:

root_aBus: update finally lead to new output values:

root_intValue1: update with new input values:

root_intValue1: update finally lead to new output values: value =26

root_intValue2: update with new input values:

root_intValue2: update finally lead to new output values: value=2

root: update finally lead to new output values:

Environment: Returned transition semaphore!

NEW STABLE STATE:

root.intAdder.x=26, root.intAdder.y=2, root.intAdder.mode=2,

root.intValue1.value=26, root.intAdder.sum=28, root.mode=1,

root.intValue1.mode=3, root.aBus.mode=2, root.intValue2.mode=3,

root.intValue2.value=2

-- Omitted: Communication for root taking master transition

-- from chooseIntValue2 to chooseIntValue1.

NEW STABLE STATE:

root.intAdder.x=26, root.intAdder.y=15, root.intAdder.mode=2,

root.intValue1.value=26, root.intAdder.sum=41, root.mode=0,

root.intValue1.mode=3, root.aBus.mode=2, root.intValue2.mode=3,

root.intValue2.value =15

-- And so on ...

Listing 9.2: Simulation fragment for the Integer Adder specification.



124 CHAPTER 9. EXPERIMENTAL RESULTS

Simulation of specifications containing reals cannot be done directly with Spin, because Spin

itself does not execute the embedded C-code which is used for handling reals (cf. section 4.2.2).
In this case, the C-program PAN generated by Spin can be used to some extend for simulation.
In principle, the only thing to do is to add printfs inside embedded C-code so that they are
copied to PAN (Promela printfs get lost). An example for this kind of simulation is given in
the next section.

9.3 Redundant Battery System

To avoid a too low or total loss of power supply, a safety critical system should make use of two
redundant batteries. Whenever the power provided by one battery does not suffice any more the
system switches to the other one. Listing 9.3 gives the Slim specification1 of such a system. The
energy of a battery is handled as a real typed data subcomponent. The hybrid behaviour of
degeneration of energy over time is mimicked by a self-looping transition stepwise reducing the
value of energy. When the energy of a battery is depleted the battery emits the signal empty to
which the root component must react. Note that the component representing the battery which
is currently not used is deactive. As Battery.Imp does not support mode history, on reactivation
of that battery its energy is reset to 100.0, that is, the battery is somehow recharged.

-- root: Power.Imp -----------------------------------------system Powerfeatures
voltage: out data port real;end Power;system implementation Power.Impsubcomponents
batt1: system Battery.Imp in modes (primary);

batt2: system Battery.Imp in modes (backup );connectionsdata port batt1.voltage -> voltage in modes (primary);data port batt2.voltage -> voltage in modes (backup );modes
primary: initial mode;
backup: mode;transitions
primary -[batt1.empty]-> backup;

backup -[batt2.empty]-> primary;end Power.Imp;

-- root.batt [1|2]: Battery.Imp -----------------------------system Batteryfeatures
empty: out event port;
voltage: out data port real default 6.0;end Battery;

1This specification is the non-hybrid version of an example presented by Thomas Noll at the second D-CON
(German Chapter CONCUR) meeting in Berlin, 2009.
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energy: data real default 100.0;modes
charged: activation mode;
depleted: mode;transitions
charged -[when 0.999 * energy >= 20.0then energy := 0.999 * energy;

voltage := 6.0 * (0.999 * energy) / 100.0

]-> charged;

charged -[empty when 0.999 * energy < 20.0then energy := 2.0; voltage := 0.1]-> depleted;end Battery.Imp;

Listing 9.3: Slim specification of a system containing two redundant batteries.

The following properties are considered for this example:

• ϕ1 := � (root.mode = mode:primary

⇒ (root.batt1.mode= mode:charged∧ root.batt1.energy≥ 20.0))

• ϕ2 := � (root.mode = mode:backup

⇒ (root.batt2.mode= mode:charged∧ root.batt2.energy≥ 20.0))

• ϕ3 := � (root.voltage≥ 1.2)

Property ϕ1 claims that root.batt1 is in mode charged and has at least energy of 20.0
when it is used, that is, when the rootcomponent is in mode primary. Property ϕ2 states the
same for root.batt2 when rootis in mode backup. Finally, property ϕ3 checks that the voltage
provided by the Power system is always at least 1.2. Table 9.5 lists the model checking results
and resource demands for these properties on the original and on the sliced specifications. For
properties ϕ1 and ϕ2 the overall average reduction is to 73% but for property ϕ3 slicing does not
help at all since for the verification of this property the whole specification is interesting.

Property Sliced? Result |SV | #States Memory Time

ϕ1,ϕ2
unsliced true 112 62,779 43.162 0.14
sliced true 80 43,471 37.889 0.09

ϕ3
unsliced true 112 62,779 43.162 0.15
sliced true 112 62,779 43.162 0.15

Table 9.5: Comparison of results and resource demands for model checking the unsliced vs. the
sliced nominal specification of Redundant Battery System.

A typical error situation which leads to the loss of power supply is a loose contact. This
is modeled by a fault injection associating the Battery component root.batt1 of the nominal
specification with the error model BatteryError.Implwhich is given in listing 9.4. Furthermore,
in error state dead as error effect voltage := 0 is used. The energy of a “dead” battery,
however, is not affected. Consequently, property ϕ3 becomes invalid while the others stay valid.
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ok : initial state;
dead: error state;end BatteryError;error model implementation BatteryError.Implevents
batteryDies: error event;transitions
ok -[batteryDies]-> dead;end BatteryError.Impl;

Listing 9.4: Error model for batteries.

Results and resource demands of model checking for the extended model are given in table 9.6.
In comparison with the values from table 9.5, the state space explosion resulting from model
extension becomes obvious: The nominal model on its own induces 62,779 states whereas the
extended model yields 222,080 states – making slicing even more important. For the first two
properties slicing the extended model reduces state vector size, state space size and overall
memory requirement to about 78% and the time requirement even down to 47%.

Property Sliced? Result |SV | #States Memory Time

ϕ1,ϕ2
unsliced true 128 222,080 67.772 1.20
sliced true 96 177,036 54.100 0.49

ϕ3
unsliced false 128 47 32.713 “0.00”
sliced false 128 47 32.713 “0.00”

Table 9.6: Comparison of results and resource demands for model checking the unsliced vs. the
sliced extended model of Redundant Battery System.

As mentioned at the end of the previous section, simulation of Slim specifications using reals
can be with PAN. Listing 9.5 shows a fragment of such a simulation where 0 represents the mode
primary and 1 mode backup, respectively.

NEW STABLE STATE: root.mode=0, root.voltage=6.000000 , ...

NEW STABLE STATE: root.mode=0, root.voltage=5.880000 , ...

NEW STABLE STATE: root.mode=0, root.voltage=5.762400 , ...

...

NEW STABLE STATE: root.mode=0, root.voltage=1.241040 , ...

NEW STABLE STATE: root.mode=0, root.voltage=1.216219 , ...

NEW STABLE STATE: root.mode=1, root.voltage=6.000000 , ...

NEW STABLE STATE: root.mode=1, root.voltage=5.880000 , ...

...

Listing 9.5: Simulation fragment for the Redundant Battery System specification.
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9.4 Wind Turbine

9.4.1 Nominal Behaviour

Two important aspects in the controlling of wind turbines are, on the one hand, adjusting the
rotating head according to the wind position and, on the other hand, disabling the turbine
by moving the blades into a position with lowest possible wind resistance when the wind speed
becomes too high. A Slim specification modeling a WindTurbinewith a WindDirectionControl

and a WindSpeedControl subcomponent is shown in listing 9.6. Different speeds and directions
of wind are simulated by randomWind.

----- root: WindTurbineInEnvironment ----------------------------system WindTurbineInEnvironmentend WindTurbineInEnvironment;system implementation WindTurbineInEnvironment.Implsubcomponents
windTurbine: system WindTurbine.Impl accesses environmentBus;

randomWind: system randomWind.Impl accesses environmentBus;

environmentBus: bus Bus.Impl;connectionsdata port randomWind.direction -> windTurbine.windDirection;data port randomWind.speed -> windTurbine.windSpeed;end WindTurbineInEnvironment.Impl;

----- root.windTurbine: WindTurbine.Impl ------------------------system WindTurbinefeatures
windDirection: in data port enum(wdN , wdNE , ..., wdW , wdNW);

windSpeed: in data port int;
turbinePosition: out data port enum(wdN , wdNE , ..., wdNW);

turbineBladesEnabled: out data port bool;end WindTurbine;system implementation WindTurbine.Implsubcomponents
windDirectionControl: system WindDirectionControl.Implaccesses turbineBus;

windSpeedControl: system WindSpeedControl.Implaccesses turbineBus;

turbineBus: bus Bus.Impl;connectionsdata port windDirection -> windDirectionControl.windDirection;data port windDirectionControl.turbinePosition

-> turbinePosition;data port windSpeed -> windSpeedControl.windSpeed;
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-> turbineBladesEnabled;end WindTurbine.Impl;

----- *. windDirectionControl: WindDirectionControl.Impl --------system WindDirectionControlfeatures
windDirection: in data port enum(wdN , wdNE , ..., wdW , wdNW);

turbinePosition: out data port enum(wdN ,...) default wdS;end WindDirectionControl;system implementation WindDirectionControl.Implflows
turbinePosition := windDirection;end WindDirectionControl.Impl;

----- *. windSpeedControl: WindSpeedControl.Impl -----------------system WindSpeedControlfeatures
windSpeed: in data port int;
turbineBladesEnabled: out data port bool default false;end WindSpeedControl;system implementation WindSpeedControl.Implflows
turbineBladesEnabled := windSpeed < 10;end WindSpeedControl.Impl;

----- root.randomWind: randomWind.Impl --------------------------system randomWindfeatures
direction: out data port enum(wdN , ..., wdNW) default wdN;

speed: out data port int default 5;end randomWind;system implementation randomWind.Implmodes
cycle: initial mode;transitions
-- Change nothing
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cycle -[]-> cycle;

-- Change speed

cycle -[then speed := 0]-> cycle;

-- and so on , for speed := 1 ... 11

cycle -[then speed := 12]-> cycle;

-- Change direction

cycle -[then direction := wdN]-> cycle;

-- and so on , for direction := wdNE .. wdW

cycle -[then direction := wdNW]-> cycle;

-- Change direction and speed (just a few examples)

cycle -[then speed := 0; direction := wdN]-> cycle;

cycle -[then speed := 1; direction := wdNE]-> cycle;

cycle -[then speed := 2; direction := wdE]-> cycle;

cycle -[then speed := 5; direction := wdSE]-> cycle;

cycle -[then speed := 6; direction := wdS]-> cycle;

cycle -[then speed := 9; direction := wdSW]-> cycle;

cycle -[then speed := 10; direction := wdW]-> cycle;

cycle -[then speed := 12; direction := wdNW]-> cycle;end randomWind.Impl;

----- *.environmentBus , *. turbineBus: Bus.Impl ------------------bus Busend Bus;bus implementation Bus.Implend Bus.Impl;

Listing 9.6: Nominal model of a Wind Turbine described in Slim. The complete lists of enu-
meration identifiers for wind directions (wdN, wdNE, wdE, wdSE, wdS, wdSW, wdW, wdNW) are
abbreviated to avoid line breaks.

The following properties are considered for which table 9.7 gives the model checking results
and resource demands:

• ϕ1 := � (windTurbine.turbinePosition= randomWind.direction), asserting that the
wind turbine always faces the wind.

• ϕ2 := � (windTurbine.turbineBladesEnabled= randomWind.speed< 10), stating that
the blades are disabled if and only if the wind speed is 10 or higher.

• ϕ3 := � (randomWind.speed≥ 10 ⇒ ¬windTurbine.turbineBladesEnabled), claiming
that the blades are disabled if the wind speed is 10 or higher. In contrast to ϕ2 it is
not required that the blades are enabled at lower wind speeds.

For all properties, slicing the nominal specification can reduce state vector size to 60%, the
amount of states to average 2.7%, the overall memory requirement to about 16% and the run
time to average 4%. The memory reduction could be expected to be about 2% (60%·2.7% ≈ 2%),
but for this small example the baseline memory requirements of Spin for storing the empty hash
table comes into effect.
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Specification Result |SV | #States Memory Time #HC

unsliced true 160 111,119 21.666 0.46 750
sliced for ϕ1 true 92 1,901 3.306 0.01 0
sliced for ϕ2, ϕ3 true 100 4,111 3.502 0.03 0

Table 9.7: Comparison of resource demands for model checking unsliced vs. sliced nominal Wind
Turbine specification.

9.4.2 Error Behaviour

Errors can – among others – happen independently in the wind direction control and in the wind
speed control subcomponent. To model this, the error models from listing 9.7 are used.error model WindDirectionControlErrorfeatures

OK: initial state;
FixedToE: error state;end WindDirectionControlError;error model implementation WindDirectionControlError.Implevents
eeFixedToE: error event;transitions
OK -[eeFixedToE]-> FixedToE;end WindDirectionControlError.Impl;error model WindSpeedControlErrorfeatures
OK: initial state;
DisableTooEarly: error state;
DisableTooLate: error state;end WindSpeedControlError;error model implementation WindSpeedControlError.Implevents
eeDisableTooEarly: error event;
eeDisableTooLate: error event;transitions
OK -[eeDisableTooEarly]-> DisableTooEarly;

OK -[eeDisableTooLate]-> DisableTooLate;end WindSpeedControlError.Impl;

Listing 9.7: Error models for the Wind Turbine specification.

With those error models, three different possible errors were considered independently:

1. Blades Disabled Too Early: The control component windTurbine.windSpeedControl is
associated with the error model WindSpeedControlError.Impl together with the fault
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effect turbineBladesEnabled := windSpeed < 9 in error state DisableTooEarly. The
other error state has no effect. Table 9.8 shows the results.

2. Blades Disabled Too Late: The control component windTurbine.windSpeedControl is
associated with the error model WindSpeedControlError.Impl together with the fault
effect turbineBladesEnabled := windSpeed < 11 in error state DisableTooLate. The
other error state has no effect. Table 9.9 shows the results.

3. Position Fixed To East: The control component windTurbine.windDirectionControl is
associated with the error model WindDirectionControlError.Impl together with the fault
effect turbinePosition := wdE in error state FixedToE. Table 9.10 shows the results.

Of course, all fault injections can be applied at the same time. This would result in an even
bigger state space. However, when all three fault injections are applied, then all three properties
become false and thus never the whole state space would be analysed.

The taken measures show that slicing can half the state vector size and reduce the state space
to less than 1% (property ϕ1 for Blades Disabled Too Early). Furthermore, benefitial effect of
slicing for a reduction of the number of hash conflicts can be concluded from the results.

Property Sliced? Result |SV | #States Memory Time #HC

ϕ1
unsliced true 180 373,013 71.861 1.86 18,889
sliced true 92 1,901 3.306 0.01 0

ϕ2
unsliced false 180 2,191 3.502 0.04 0
sliced false 120 1,471 3.306 0.02 0

ϕ3
unsliced true 180 373,013 71.861 1.93 18,889
sliced true 120 14,610 4.966 0.04 3

Table 9.8: Comparison of results and resource demands for model checking the unsliced vs. the
sliced extended model of Wind Turbine resulting from fault injection Blades Disabled Too Early.

Property Sliced? Result |SV | #States Memory Time #HC

ϕ1
unsliced true 180 373,013 71.861 2.45 19,462
sliced true 92 1,901 3.306 0.01 0

ϕ2
unsliced false 180 124,974 26.353 0.65 1,002
sliced false 120 6,457 3.892 0.07 0

ϕ3
unsliced false 180 124,974 26.353 0.82 1,002
sliced false 120 6,457 3.892 0.05 0

Table 9.9: Comparison of results and resource demands for model checking the unsliced vs. the
sliced extended model of Wind Turbine resulting from fault injection Blades Disabled Too Late.
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Property Sliced? Result |SV | #States Memory Time #HC

ϕ1
unsliced false 180 93 3.111 0.01 0
sliced false 112 66 3.111 0.01 0

ϕ2
unsliced true 180 240,371 47.545 1.30 5,893
sliced true 100 4,111 3.502 0.01 0

ϕ3
unsliced true 180 240,371 47.545 1.30 5,893
sliced true 100 4,111 3.502 0.01 0

Table 9.10: Comparison of results and resource demands for model checking the unsliced vs. the
sliced extended model of Wind Turbine resulting from fault injection Position Fixed To East.

9.5 Open Thermal Loop

This section summarises some of the most important insights gained from model checking a
corrected and to syntactical changes adapted version of a Slim specification modeling the tem-
perature dependent control of redundant heaters and the monitoring of possible errors as part
of a satellite’s thermal control2. For the considered properties the specification induces a state
vector of 452 bytes and 4,783,136 states. A full state space search requires 2,134 MB of memory
but on the test system the memory was limited to 2,048 MB. Extending memory by using virtual
memory does not really work with Spin. Slicing could help by reducing the state vector size to
420 bytes (93%), the state space size to 4,504,872 (94%) and the overall memory requirement
to 1,866 MB (87%). Model checking the slices specification took 59 seconds. For some other
properties, slicing did not suffice to conform with the resource restrictions. In those cases, two
possible options of Spin can help to reduce the memory requirements (cf. section 3.3.2): First
of all, the state vectors can be compressed. Then, only 300 MB without slicing or 267 MB after
slicing are needed to store the state space – a reduction to 14%! The time for model checking
did not increase for this example. Another method, which is even more memory efficient, is to
use a minimized automaton representation for the state space. Then, only 92 MB or 84 MB, re-
spectively, are needed. However, the run time of model checking increases to 457 or 425 seconds,
respectively, that is, more than the septuple. Of course, both methods – collapse and minimized
automaton – can be combined to enable model checking of even bigger specifications but always
with the trade-off between time and memory consumption.

2The original specification was developed by Xavier Olive (Thales Alenia Space, France) for a first evaluation
of the Compass toolset.



Chapter 10

Summary, Conclusions and

Future Work

10.1 Summary

The Compass project funded by ESA aims for a coherent application of formal methods in the
design of large safety-critical systems (cf. chapter 1). To this end, the modeling language Slim

was developed within the project as an extended subset of AADL supporting system-software
co-engineering, including the description of possible failures. Furthermore, a tool chain of trans-
lators from Slim to different model checkers was established in order to provide a possibility of
performing diverse analysis and verifications of Slim specifications.

Within the scope of this thesis, a translation of Slim specifications to Promela, the input
language of the LTL-model checker Spin, was established. Therefor, chapter 2 introduced the
Slim language which allows to describe hierarchies of concurrently executed components that
can communicate by instantaneously exchanging data and by synchronous event communication.
The behaviour of each component can be described by a kind of hybrid automaton. Afterwards,
chapter 3 gave an overview of Spin: its input language Promela, the approach to model
checking and some optimisations to improve the efficiency of model checking. On this basis, the
translation of Slim specifications to Promela programs was presented in part II. The basic idea
is to transform Slim components to Promela proctypes which implement all possible behaviour
of the component. Values of data elements are stored in global variables. Propagation of data
values through the component hierarchy, event communication between multiple components
as well as de- and reactivation of whole subtrees in the component hierarchy were realised by
communication protocols on Promela channels. In particular, the necessity of generating a
fixpoint iteration was discussed for the propagation of data values. Properties reasoning about a
Slim model have to be translated to Promela in analogy to the translation of the model itself.
Due to different problems described in chapter 5, the mechanism of Spin to handle LTL-formulas
automatically was not used. Instead, never claims corresponding to the property patterns as they
can occur in Compass were manually designed.

A typical problem affecting the feasibility of model checking for large and complex systems
is the so-called state space explosion problem. To reduce the state space induced by a model,
abstraction techniques should be used. However, methods that do not need to generate the whole
state space before its reduction are preferable since they do not only speed-up model checking
but also reduce the peak memory consumption. In part III the idea of slicing was ported to Slim
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specifications: All parts of a model that are irrelevant for model checking a given property are
removed so that a smaller model with smaller state space results which, however, preserves the
model checking result. Chapter 6 introduced the basic slicing algorithm which, starting from
the elements occurring in the property, employs a fixpoint iteration to calculate the transitive
backward closure of all parts of a model that directly or indirectly can influence the validity of the
property. Additionally, more involved aspects of slicing Slim specifications, such as preserving
of divergence characteristics for liveness properties, were discussed in chapter 7.

To evaluate both, the translation and the slicing, they were implemented. The examples
presented in chapter 9 showed that, on the one hand, model checking Slim specifications with
Promela is practicable and, on the other hand, that slicing can drastically reduce the induced
state space size and thus the complexity of model checking.

10.2 Conclusions

The two most important conclusions were already drawn in the summary: Model checking of
Slim specifications with Spin is feasible and slicing can considerably reduce the state space size.
For the translation some not that straight forward constructs are needed, for example the fix-
point iteration for data port updates or the usage of embedded C-code for data elements of type
real. Additionally, the translation tries to keep the induced state space as small as possible
by using only unbuffered channels, by enclosing sequences of statements which have only local
effects in d step-blocks, by resetting buffer variables as soon as they are not needed any more
and by limiting itself to the usage of Promela constructs that are compatible with partial order
reduction. Compared with the translation to NuSMV and MRMC developed in the Compass

project, model checking Slim specifications with Spin lacks the support for CTL properties
and timed probabilistic behaviour – both not (immediately) possible with Spin. However, the
translation to Promela also exhibits some advantages: First of all, model checking of specifi-
cations containing deadlocks still yields correct results – possible by the stuttering extension of
finite executions to infinite ones performed by Spin. Furthermore, the Slim data type real is
completely supported (as a 4 byte C-float) without any limitations. In particular, neither is
model checking restricted to bounded model checking nor are only linear expressions over reals
allowed – as it is the case with NuSMV which falls back to SAT-based model checking as soon
as reals are contained in a specification. As a practical consequence, the Slim specification of
a Redundant Battery System, as presented without fault injection in section 9.3, could easily be
model checked with Spin in about 0.2 seconds while NuSMV after about 45 minutes and 280
MB of memory consumption only reached bound 347 and not yet a final result. Nevertheless,
there is still open work left for the future as indicated in the next section.

10.3 Future Work

This section gives some ideas for future work that is beyond the scope of this thesis. First
of all, the optimisations for the fixpoint iteration handling data port updates mentioned in
section 4.6.1 can be implemented. In contrast, the ideas for further refinements of the slicing
algorithm discussed in section 7.8 need some more theoretical development. This holds as well
for establishing the formal correctness proofs for the translation and for the slicing algorithm.
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Beyond that, a variety of other possible improvements of the generated Promela code exists:

• Instead of using variables of type short or int to store integer representatives of symbolic
identifiers used in the Slim specification, the data type unsigned should be used as it
allows to define – using a special syntax – exactly how many bits are needed.

• Buffer variables for data subcomponents could be declared as hidden to exclude them from
the state vector and thus save memory since they are only used locally inside d step-blocks.
However, this causes some trouble when those variables have to be accessed from embedded
C-code and is thus not yet implemented.

• The sequence of assignments in transition effects – their order does not have any semantical
effect as they are performed “in parallel” – could be rearranged to minimise the amount
of required buffering. For example, instead of translating x := 2; y := x, which requires
buffering, y := x; x := 2, requiring no buffering, should be used.

• In fact, in most of the cases, never all buffer variables are needed at the same time. To
reduce the state vector size, the buffer variables should be shared between data elements.
When at most max data elements are to be buffered at the same time, max buffer variables
should suffice. By the way, the outgoing data ports of the root component do not have to
be buffered at all.

• It is tempting to omit sending the invalidate message when a transition with empty
effect is taken. However, due to implicit transition effects and the possibility of multiway
event communication, this is in general not possible. However, for proactive transitions
with an empty effect and no implicit effects, such as de- or reactivating subcomponents or
connections, this should be possible.

• The process generated for the root component could be extended with the special func-
tionality of the Environment process. Then, the Environment process could be removed.

• As the anomaly discussed for the Integer Adder specification in section 9.2 revealed, the
order in which processes communicate with other processes – although it is irrelevant for
the functional correctness of the translation – can influence the reduction effects achieved
by partial order reduction. If one can find out which order is the best one with respect
to partial order reduction, this order should be chosen by the translation. Alternatively, a
new predicate could be introduced in Promela telling Spin that for a enclosed sequence
of statements the order of their execution does not matter and that Spin should choose
the most efficient one.

Three alternatives for the translation to Spin could be evaluated:

• Instead of creating one process for every control component of a Slim specification, one
process could suffice: In local variables this process could store the current valuation of all
data elements and the mode information of all components – similar as it is done with the
global variables in the translation that was described. In a complex do-loop this process
could manipulate the values as the Slim components could do it. This could be perceived
as a direct transformation of the formal flat semantics of Slim to Promela.

• To handle probabilistic transitions, the translation that was presented could be extended
to target PRO[B]MELA, a probabilistic extension of Promela (cf. [4]). However, the
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problem is that in Slim error models do not contain “simple” probabilities but occurrence
rates. Furthermore, PRO[B]MELA does not allow the nondeterministic choice between
probabilistic and non-probabilistic transitions as it can occur in Slim models resulting
from model extension.

• To allow model checking of Slim specifications containing timed behaviour, RT-Spin

(cf. [40]) instead of Spin could be used. However, the development of RT-Spin seems
to be discontinued so that optimisations that were later on included in Spin are not con-
tained.

Finally, after having dealt with a translation to Promela in order to reuse the model checker
Spin, one should ask the question how sensible that is. Obviously, the translation generates some
overhead, for example the intermediate, non-stable states. Instead of translating to Promela,
one could think of splitting Spin into two parts: One language-specific frontend that can generate
all successor states of a given system state and one language-independent backend that performs
model-checking.
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