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1 Introduction

FTS, featured transition systems, are a formalism designed to describe the com-
bined behaviour of a whole system family [3]. FTS are transition systems [1, 2]
(TS in short) in which transitions are labelled with features of a software prod-
uct line [4] (in addition to being labelled with actions). This allows to model
very detailed behavioural variations of the product line. In addition, features
as treated as first-class abstractions, which allows both explicit variability man-
agement and separation of concerns, since a global view of the variability is
available in a feature diagram (FD in short).

FTS come with a tool-supported model checking approach that allows to
verify FTS against LTL properties.! The purpose of the approach is to verify
all the products of a family at once and to pinpoint the products that violate
properties. An empirical evaluation showed substantial gains over individual
product verification [3].

We report here on a study of examples found in the literature that we did
in order to evaluate our approach. The examples include the beverage vending
machine from [5] in Section 3, the wiper system from [6] in Section 4, and the
mine pump controller [7] in Section 5. We start with an introductory example,
the red lights, in Section 2.

2 The red lights

Let us start with the red lights system, a classic among introductory examples in
model checking. In its basic version, the red lights controller will switch between
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(a) The basic version without variability. (b) With one additional feature.

Figure 1: FTS of the red light controller.

yellow, red and green as shown by the TS in Figure 1(a). Initially the light is
off, represented by an empty labelling of the initial state s;; it then switches to
yellow in so (the y label), then to red and then to green. The action names here
are not important and were thus named « through §. So far, the controller can
be modelled with a conventional TS.

There exists another version of the controller, which omits the yellow light
and immediately shows red. In order to model the second version, one could
easily draw a second TS without state so and a transition from s; to s3—and so
forth for every version. In general, however, such an approach would not scale,
since the number of different versions can become large. This is despite the fact
that these versions generally only differ in small details.

In consequence, we proposed FTS [3], an extension of classical T'Ss, where
transitions can be labelled with features? drawn from a variability model such
as an FD [8]. To model the second red light variant in FTS, it is sufficient to
add a transition from s; to s3, to label it with a different feature, say SkipYellow,
and to document the fact that there are two variants (one with SkipYellow and
one without) in a variability model. The new transition o’ also has to be of
higher priority than «, otherwise, the variant with SkipYellow would still have
the « transition.

Once an FTS of the system exists, it can be verified using the model checking
algorithm proposed in [3]. We focus here on the modelling aspects and will thus
not go into details about model checking. In short, it will check a temporal
property for all systems represented by the FTS in one shot. In case the property
is violated, the algorithm will pinpoint the products that violate it.

2Feature labels are represented by colouring in this report.



3 The vending machine [5]

The vending machine example originally appeared in [5] to illustrate the use of
modal transition systems (MTS) to model the behaviour of software product
lines. Following [5], the vending machine has a European variant serving tea
and coffee as well as an american variant serving coffee and cappuccino. The
European version accepts euro coins while the US version accepts dollars; in ad-
dition, the US version rings a tone when the beverage is served. Its behaviour
is modelled by the MTS shown in Figure 2. In an MTS, transitions can be
optional (represented by dashed lines), which means that MTS, just as FTS,
model a set of different TS. For MTS, these can be obtained by removing cer-
tain optional transitions and making the others mandatory. For instance, the
European variant can be obtained by removing transitions 1$, cappuccino and
ring_a_tone.

oy i
< \cappuccino

l! coffee .- i .. coffee
| o Jlea L cappuccing/ tea® E:
4 5 6 7 8 9
pour_sugar
pour_sugar
pour_sugar .
pour_coffee pour_coffee
10
\ - pour_milk
uu]‘}_lakcn\\ cup_taken 11
L 13
“ring_a_tone

Figure 2: The vending machine MTS, taken from [5].

However, with the MTS given in Figure 2, it is possible to obtain many more
variants. For instance, it is possible to obtain a machine which takes euro coins
and rings a tone when a beverage is served. This would correspond neither to
the US nor to the European version; still, it can be easily imagined as a valid
system. Moreover, it is also possible to obtain a machine that serves coffee
always with sugar, and tea and cappuccino always without; or a machine which
would accept dollar and euro coins. These systems are probably not among the
systems that the engineer had in mind. The problem that we try to illustrate
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Figure 3: The vending machine modelled as an FTS.
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Figure 4: The FD for the vending machine.




here is that in MTS, it is not easily possible to model transitions that belong
together so that they always appear together in a system, or not at all (such as
the two cappuccino transitions in Figure 2).

The vending machine modelled with an FTS is shown in Figure 3. The FD
that comes with the FTS is shown in Figure 4. Valid products of the FD are the
US and the European version as described above, but also other variants. In
contrast to the MTS of Figure 2, the FTS only models systems that are valid,
that is: the pairs of coffee, tea or cappuccino transitions always appear together,
because they belong to the same feature. Similarly, the machine will either
accept dollars or euros, but not both, since the are modelled as alternatives in
the related FD.

4 The wiper system [6]

The car wiper system example was proposed by Gruler et al. in [6]. It consists
of two subsystems: a sensor unit, able to detect rain, and the wiper itself. Both
the sensor and the wiper come in two qualities, high and low. A low quality rain
sensor can only distinguish between rain and no rain, whereas the high quality
sensor can also discriminate between heavy and little rain. Similarly, the high
quality wipers can operate at two speeds, whereas the low quality wiper only
operates at one speed. In addition, the low quality wipers can be set to wipe
permanently. The FD in Figure 5 models this situation.

WiperFamily
r
Sensor Wiper
s w
High Low High
sH wL wH

Figure 5: The FD for the original wiper system.

Gruler et al. propose PL-CCS [6], a variant of CCS where a new operator
@ was added to represent alternative choice between two processes. The whole
wiper system is modelled with the PL-CCS expression WipFam in Figure 6,
i.e. the parallel composition of the sensor and the wiper subsystem. The sensor
subsystem is defined as being either the low or the high quality sensor subsystem.
The wiper subsystem is defined similarly.

The PL-CCS definition of the two sensor subsystems is given in Figure 7.
The low quality sensor will either sense no rain, or it will sense heavy/little rain
in which case it sends the message Rain. As expected, the high quality sensor
behaves differently: in case of heavy rain it sends the message HvyRain. An
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de

Sensor 2 SensL &1 SensH
Wiper £ WipL @&y WipH

Figure 6: The wiper system in PL-CCS, taken from [6].

Low quality.

SensL < non.SensL + ltl. Raining + hvy. Raining + noRain.SensL
Raining < non.SensL + ltl. Raining + hvy.Raining + rain. Raining

High quality.

SensH 2 non.SensH + Itl. Medium + hvy.Heavy + noRain.Sens H
Medium £ non.SensH + Itl. Medium + hvy. Heavy + rain. Medium
Heavy Z non.SensH + Itl. Medium + hvy. Heavy + hvyRain. Heavy

Figure 7: The sensor subsystem in PL-CCS, taken from [6].
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non

little

little heavy

noRain heavy

heavyRain

Figure 8: The FTS for the sensor subsystem.




Low quality.

WipL £ off . Wip L + manualOn. Permanent + intvOn.Interval
Interval 2 noRain.Interval + intvOff . Wip L + intvOn. Interval
+ rain. Wiping + hvyRain. Wiping
Wiping < slowWip.Interval + intvOn.Interval
Permanent < perm Wip. Permanent + off . WipL + intvOn.Interval

High quality.

de

WipH 2 off . WipH + intvOn. AutoIntv
AutoIntv 2 noRain. AutoIntv + intvOn. AutoIntv + rain.Slow
+ intvOff . WipH + hvyRain.Fast

Slow £ slowWip. AutoIntv + intvOn. AutoIntv
dej

Fast £ fastWip. AutoIntv + intvOn. AutoIntv

Figure 9: The wiper subsystem in PL-CCS, taken from [6].

off permWipe

manualOn

off

intvOn

heavyRain

intvOn

intvOn, slowWipe

intvOn

intvOn, fastWipe

heavyRain

intvOff noRain

Figure 10: The FTS for the wiper subsystem.




immediate observation is that both subsystems are quite similar and that the
sending of the Rain message is the same in both cases. Still, the corresponding
part has to be duplicated inside both subsystems. An equivalent description
in FTS is given in Figure 8. Since the part dealing with the detection of little
or no rain is the same for both qualities, the corresponding actions in the FTS
are part of the base system instead of being duplicated. Both features visibly
differ only in the handling of the heavy rain condition. Note that in Figure 8 and
subsequent figures, labels in bold font denote transitions which are synchronised
in a parallel composition.

As of the two wiper subsystems, their PL-CCS definition is given in Figure 9.
Both subsystems have an interval switch, which will switch interval wiping on.
During interval wiping, both subsystems wipe if the sensor subsystem reports
rain; the high quality subsystem will wipe faster in case of heavy rain. In ad-
dition, the low quality wiper can be set to permanent wiping, which ignores
the rain sensor. Here again, both subsystems are almost identical (except for
the permanent wiping function), the sole difference being that the high qual-
ity variant reacts differently to a HvyRain message. As a consequence, the
definitions for both subsystems are almost duplicates. This duplication is not
needed in FTS. Consider the FTS representation of the wiper subsystem shown
in Figure 10. It clearly shows that (except for the permanent wiping function)
both versions only differ in their handling of HeavyRain.

We conclude this example with an extension that is not part of the original
paper [6]. Consider the case in which the permanent wiping feature can also be
supported by high quality wipers (in fact, there is no reason why it should not).
That is, permanent wiping will become an individual feature which is optional.
A revised FD that accommodates the new feature is presented in Figure 11. To
make the corresponding change in the behavioural model, in FTS it is sufficient
to relabel the transitions pertaining to the wiping feature, as shown in Figure 12.
In PL-CCS, on the other hand, one will have to duplicate the definition of the
permanent wiping mode in both subsystem definitions.

WiperFamily
r
Sensor Permanent Wiper
S p w
High Low High
sH wL wH

Figure 11: A FD for the wiper system in which permanent wiping is explicitly
represented as a feature.



off permWipe

manualOn

off

intvOn heavyRain

intvOn

intvOn, slowWipe

intvOn

intvOn, fastWipe

heavyRain

intvOff noRain

Figure 12: The modified FTS for the wiper system with permanent wiping as a
separate feature.

5 The mine pump system [7]

The purpose of the mine pump system [7] is to keep a mine shaft clear of water
while avoiding the danger of a methane related explosion. It consists of a water
pump, a sensor measuring the water level and a sensor measuring the abundance
of methane in the mine. The system is supposed to activate the pump once the
water level reaches a preset threshold, but only if the methane is below a critical
limit.

MinePumpSys
base

o

Command Methane detect. ||Water regulation
c m

Figure 13: An initial FD for the mine pump controller.

The system consists of three high-level features, shown in Figure 13: (i) a
command interface ¢, which can be used to switch the water regulation function
on or off; (ii) a methane alarm interface m, which can receive alarm messages
from the methane sensor in case of critical methane, and (iii) the water regula-
tion subsystem |. The system is modelled by the FTS in Figure 14. It maintains
a variable representing the system state, and its reactions to events such as a
methane alarm or high water depend on this state. In order to keep the de-
scription intuitive, the system state is modelled in a separate FTS, shown in
Figure 15. Basically, the main FTS only describes the actions on the system



BuiuunyioNs!

doygdwnd

Buiuunysi

ApeayioNs!

€25 )<

doygaueylapst

Buiuunysi

Bujuunyies /(\ N pejsdwn

d /(\ Apeays|

\_/ doigeueusiies

Apeayies

Bujuunyions!

doygmonst
Apeaysi

paddoigsi

6lg =

Cls )=

Apeayies

)

e )4

Lig 9lg
Buiuunysi

Apeaysi
Buiuunysi

mc_c%mszm_e

Buiuunyions!

doisies /(\ doygdwnd

ol
@ Buiuunysi 6

{

[9ASTIMO]

[oAsT[BWIOU

{bsw}

Bsywaeed
pUBWIWOOUE)IS} Bsppuewwod
pwouels
e%cmEEoov
pwodois
{puewwoodols}

Amm_zwzmom._

A

vels)

Figure 14: The FTS of the mine pump controller.
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state, but does not record it explicitly. The actual FTS of the controller is
the parallel composition of these two FTS. Note that in Figure 15 and subse-
quent figures, transitions represented by dashed lines are transitions that are
not labelled by a feature. These transitions will be synchronised during par-
allel composition and take the feature of the transition with which they are
synchronised.

isStopped
isNotRunning
isNotReady
g\
{stopped}( 84 »— — — — — — —
P N — ™~ - _isReady
AN —~ isNotRunning
// —~ — AN
p 7 \ AN -~ ~ setReady
Y N T~
Y isMethaneStop N ~ \\ -
| setMethaneStop AN (ready}
/ \isNotRunning / N ¥ Y
isNotRead -
- ~ |
\ {methanestopped} _ <. isRunning |
I - T — — isNotReady
\ — —~ AN — |
N RN 114 |
—~
\ \ {running} |
AN \ isLowStop -
\\ .isNotRunning - l
\ isNotReady _ -
N\ g“ — |

—
—
‘/
{Iowstopped}és— ____________ i

Figure 15: The FTS modelling the system state. The transitions between states
are implicitly named setNewState where NewState is the name of the state in
which the transition arrives, e.g. setReady.

Intuitively, each time the main FTS executes a set* action, e.g. setReady, it
will be synchronised with the corresponding transition in the state FTS. The
result is that the state in which the transition arrives is labelled with the new
state, e.g. ready. The state FTS will thus add an atomic proposition with the
system state to each state of the main FTS. This causes a small blowup; the
resulting FTS will have hundreds of states.

There are five system states:

e stopped means that the water regulation function is off (controlled via the
command interface). The system will in no case switch the pump on.

11



e ready means that the water regulation function is on (controlled via the
command interface). The system will switch the pump on if there is no
methane and the water level is high.

e running means that the pump is currently running.

e [owstopped means that the pump was stopped because the water level was
low. The pump will resume in case the water rises again.

e methanestopped means that the pump was stopped because of a critical
methane level. The pump will not resume until explicitly told so via the
command interface.

The system operates as follows. It will observe three types of events: com-
mands, methane alarm messages and water readings. There are two types of
command: stop and start. In case of a start command, the system state is
changed and set to ready. In case of a stop command, the pump is stopped,
and the system state set to stopped. In case of a methane alarm, the system
stops the pump and sets the system state to methanestopped. The system can
distinguish between three different water levels: in case of normal water, the
system does nothing; if the water is high and the pump not yet running, the
system will first check whether it is ready or whether it just stopped because
of low water (lowstopped), if yes, it will check the methane level, and if there is
no methane (that is, if after the check it is still ready), it will start the pump
and set the state to running, otherwise it will do nothing. Once the water is
low, the system switches off the pump and sets the system state to lowstopped.

The system interacts with its environment, which is modelled with three
other FTS that are put in parallel with the FTS of the system. The methane
level is modelled with the FTS in Figure 16. Methane can rise and lower at will,
represented by the methaneRise and methanelLower transitions. The pAlarmMsg
and setMethaneStop transitions will synchronise with the system FTS, meaning
that the system FTS will receive the alarm message only in case of high methane.

The water pump is represented by the FTS in Figure 17. The pump can
be in two states, running or stopped, and the actions pumpStart and pumpStop,
synchronised with the system FTS, will cause this state to change. The action
pumpRunning is used to model the interaction between the pump and the water.
It is synchronised with the water FTS shown in Figure 18: a running pump will

palarmMsg

\ methaneRise ¥
0 @/{mm\?
methaneLower f

p—
setMethaneStop

Figure 16: An FTS modelling the environment: the methane level.
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\ pumpStart

pumpRunning

— =

—
{pumpoff} @:\ {pumon}

Y

pumphs—top

Figure 17: An FTS modelling the environment: the pump.

lowLevel

pumpRunning

~
pumpRunning

Figure 18: An FTS modelling the environment: the water level.

cause the water level to decrease. The level can rise at will. The low, high and
normallLevel actions are synchronised with the main FTS, meaning the system
will only observe low, high or normal water if this is indeed the case.

When the command interface and the methane alarm interface are considered
optional, as in the first FD in Figure 13, there are four different products. We
can add further variability by considering the start and stop message types as
well as the three water level readings as individual features. A revised FD is
shown in Figure 19. The product line now has 64 products. The revised system
FTS is given in Figure 20. The other FTS do not change. Please refer to [3] for
a list of LTL properties that were checked for these two FTS as a benchmark of

normalLevel

terRi o terRi B
waterRise ¥ / waterRise
-« \{normalwater} - {h|ghwate®
— —

pumpRunning

the performance of our model checking procedure.

MinePumpSys
base

—

Command

Methane detect.
c m

Water regulation
I

-

Start Stop
ct cp

-

highLevel

High
lh

Figure 19: The refined FD for the mine pump system.
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