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ProFeat Model of AUV

Costs/Rewards Probabili7es6 J. Päßler et al.

1 r oo t f e a t u r e
2 a l l o f r obo t ;
3 modules auv , env i ronment ;
4 rewards " t ime "
5 [ s t e p ] t r u e : 1 ;
6 endrewards
7 rewards " ene rgy "
8 // Cost s f o r be i ng i n a r e c o v e r y s t a t e
9 ( s=recove r_h igh ) : 2 ;

10 // . . omi t ted code . .
11
12 // Cost s f o r sw i t c h i n g a l t i t u d e s
13 ( s=search_high ) & a c t i v e ( low ) : 4 ;
14 ( s=search_high ) & a c t i v e (med) : 2 ;
15 ( s=found ) & a c t i v e ( h igh ) : 4 ;
16 ( s=found ) & a c t i v e (med) : 2 ;
17 // . . omi t ted code . .
18 endrewards
19 end f ea tu r e

Listing 1.1: An excerpt of the declaration of the root feature of the case study
1 f e a t u r e n a v i g a t i o n
2 one o f low , med , h igh ;
3 i n i t i a l c o n s t r a i n t a c t i v e ( low ) ;
4 end f ea tu r e

Listing 1.2: The declaration of the navigation feature of the case study

and needs to be recovered, a reward of 2 is given, see, e.g., Line 9. The model also
reflects that switching between the search altitudes requires significant energy.
Since the altitude is switched if the AUV is in a search state and a navigation
subfeature that does not correspond to the current search altitude is active, a
higher energy reward is given in these states. If the AUV needs to switch between
low and high altitude, as, e.g., in Line 13, an energy reward of 4 is given, while all
other altitude switches receive a reward of 2, see, e.g., Line 14. Since the altitude
must be changed to low once the pipeline is found, these cases also receive an
energy reward as explained above, see Lines 15–16. All other states receive an
energy reward of 1. We use the function active to determine which feature is
active, i.e., included in the current feature configuration; given a feature, the
function returns true if it is active and false otherwise. Note that both time and
energy rewards are interpreted as costs.

Ordinary Features. The remainder of the feature model is implemented similar
to the root feature, but the features do not contain feature-specific modules
or rewards. The features are implemented and named according to the feature
model in Fig. 2. To have only one initial state, we initialise the model with the
features search and low active, using the keyword initial constraint , see Line 3
of Listing 1.2. As an example of the implementation of another feature, the
declaration of the feature navigation can be seen in Listing 1.2.

3.2 The Managed Subsystem

The Behavioural Model of the Managed Subsystem. The behaviour of the man-
aged subsystem of the AUV can be described by a probabilistic transition system

8 J. Päßler et al.

1 module auv
2 s : [ 0 . . 1 2 ] i n i t s t a r t_ t a s k ;
3 d_insp : [ 0 . . i n s p e c t ] i n i t 0 ;
4 t_ f a i l e d : [ 0 . . i n f l _ t f ] i n i t 0 ;
5
6 // . . omi t t ed code . .
7 // From sea r ch s t a t e to ano the r s t a t e
8 [ s t e p ] ( s=search_high & a c t i v e ( h igh ) ) −> 0 . 5 9 : ( s ’= found )
9 + 0 . 4 : ( s ’= search_high ) + 0 . 0 1 : ( s ’= recove r_h igh ) ;

10 [ s t e p ] ( s=search_high & a c t i v e (med) ) −> 1 : ( s ’=search_med ) ;
11 [ s t e p ] ( s=search_high & a c t i v e ( low ) ) −> 1 : ( s ’= search_low ) ;
12 // . . omi t t ed code . .
13
14 // Fo l l ow i ng the p i p e l i n e
15 [ s t e p ] ( s=f o l l o w i n g ) & ( d_insp<i n s p e c t ) & ( t_ f a i l e d =0)
16 −> 0 . 9 : ( s ’= f o l l o w i n g ) & ( d_insp ’=d_insp+1)
17 + 0 . 0 7 : ( s ’= l o s t_p i p e ) + 0 . 0 3 : ( s ’= r e c o v e r_ f o l l ow i n g )
18 & ( t_ f a i l e d ’=( t_ f a i l e d <i n f l _ t f ? t_ f a i l e d+1 : t_ f a i l e d ) ) ;
19 // . . omi t t ed code . .
20 [ s t e p ] ( s=f o l l o w i n g ) & ( d_insp=i n s p e c t ) −> ( s ’=done ) ;
21
22 // Los t the p i p e l i n e
23 [ s t e p ] ( s=l o s t_p i p e ) −> 1 : ( s ’= s t a r t_ t a s k ) & ( t_ f a i l e d ’=0) ;
24 // . . omi t t ed code . .
25 endmodule

Listing 1.2: An excerpt of the ProFeat AUV module of the case study

initialised with 0. The variable inspect represents the desired inspection length
and can be set by the user during design time. Since the number of times a
thruster failed impacts how much the AUV deviates from its path, the variable
t_failed can be increased if a thruster fails while the AUV follows the pipeline.
It is bounded by the influence a thruster failure can have on the system ( infl_tf )
that can be set by the user during design time.

The behaviour of the module is specified with guarded commands, corre-
sponding to possible, probabilistic transitions, of the form

[ action ] guard −> prob_1: update_1 + ... + prob_n: update_n;

A command may have an optional label action to annotate it or to synchronise
with other modules. In PRISM, the guard is a predicate over global and local
variables of the model, which can also come from other modules. ProFeat extends
the guards by, e.g., enabling the use of the function active . If the guard is true,
then the system state is changed with probability prob_i using update_i for all i.
An update describes how the system should perform a transition by giving new
values for variables, either directly or as a function using other variables.

For instance, consider the command in Lines 8–9, which can be read as fol-
lows. If the system is in state search_high and the feature high is active, then
with a probability of 0.59, the system changes its state to found, with a proba-
bility of 0.4 it changes to search_high and with a probability of 0.01 it changes
to recover_high. These are exactly the probabilistic transitions shown in Fig. 3
exiting from state search high. This command also has an action label, step.
Using this action label, it synchronises with the environment module and the
feature controller, as described later. The non-deterministic transitions exiting
state search high in Fig. 3 are modelled in Lines 10–11. If the model is in state
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Fig. 4: The behaviour of the environment
1 module env i ronment
2 wat e r_v i s i b : [ m in_v i s ib . . max_vis ib ]
3 i n i t round ( ( max_vis ib−min_v i s i b ) /2) ;
4 [ s t e p ] t r u e −> cur rent_prob : ( wate r_v i s i b ’= ( wa t e r_v i s i b=min_v i s ib ?
5 min_v i s i b : wa te r_v i s i b −1) ) + (1− cur rent_prob ) /2 : ( wate r_v i s i b ’=
6 ( wa t e r_v i s i b=max_vis ib ? max_vis ib : wa t e r_v i s i b +1) )
7 + (1− cur rent_prob ) /2 : t r u e ;
8 endmodule

Listing 1.4: The ProFeat environment module of the case study

3.3 The Environment

The Behavioural Model of the Environment. We assume that there is a minimum
and a maximum visibility of the environment, depending on where the AUV is
deployed and set by the user during design time. Furthermore, different envi-
ronments also have different probabilities of currents that influence the water
visibility. This can also be set during design time. The behaviour of the envi-
ronment is then modelled as depicted in Fig. 4, where cp represents the current

probability. With the probability of currents cp, the water visibility decreases
by 1, while it stays the same or increases by 1 with probability (1-cp)/2. If the
water visibility is already at minimum visibility, the water visibility stays the
same with probability (1+cp)/2 and, at maximum visibility, it stays the same
with probability (1-cp).

The Implementation of the Environment in ProFeat. The environment is mod-
elled in a separate environment module, see Listing 1.4. The variable water_visib
in Line 2 reflects the current water visibility and is initialised parametrically,
depending on the minimum and maximum visibility, see Line 3. The function
round() is pre-implemented in the PRISM language and rounds to the nearest
integer. The environment module synchronises with the AUV module via the
label of its action, step. Since the guard of the only action in the environment
module is true, the environment executes a transition every time the AUV mod-
ule does. By decoupling the environment module from the AUV module, we
obtain a separation of concerns which makes it easier to change the model of the
environment if needed.

3.4 The Managing Subsystem

The Behavioural Model of the Managing Subsystem. As described in Sec. 2,
the managing subsystem of the AUV implements the AUV’s adaptation logic,
which corresponds to activating and deactivating the features of the managed
subsystem. The behaviour of the managing subsystem of the AUV is displayed
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1 f o rmu la med_vis ib = ( max_vis ib−min_v i s i b ) /3 ;
2 f o rmu la h i g h_v i s i b = 2∗( max_vis ib−min_v i s i b ) /3 ;
3
4 c o n t r o l l e r
5 // Change a l t i t u d e depend ing on water v i s i b i l i t y
6 [ s t e p ] ( s != found ) & a c t i v e ( s e a r c h ) & wa t e r_v i s i b < med_vis ib
7 −> a c t i v a t e ( low ) & d e a c t i v a t e ( h igh ) & d e a c t i v a t e (med) ;
8 [ s t e p ] ( s != found ) & a c t i v e ( s e a r c h )
9 & med_vis ib <= wat e r_v i s i b & wa t e r_v i s i b < h i g h_v i s i b

10 −> a c t i v a t e ( low ) & d e a c t i v a t e (med) & d e a c t i v a t e ( h igh ) ;
11 [ s t e p ] ( s != found ) & a c t i v e ( s e a r c h )
12 & med_vis ib <= wat e r_v i s i b & wa t e r_v i s i b < h i g h_v i s i b
13 −> a c t i v a t e (med) & d e a c t i v a t e ( low ) & d e a c t i v a t e ( h igh ) ;
14 // . . omi t ted code . .
15
16 // Switch t a s k from " s e a r c h " to " f o l l o w "
17 [ s t e p ] ( s=found ) & a c t i v e ( s e a r c h )
18 −> de a c t i v a t e ( s e a r c h ) & a c t i v a t e ( f o l l o w ) & a c t i v a t e ( low )
19 & de a c t i v a t e (med) & d e a c t i v a t e ( h igh ) ;
20
21 // Switch t a s k from " f o l l ow " to " s e a r ch "
22 [ s t e p ] ( s=l o s t_p i p e ) & a c t i v e ( f o l l o w )
23 −> de a c t i v a t e ( f o l l o w ) & a c t i v a t e ( s e a r c h ) ;
24
25 // Enab le t r a n s i t i o n s when f o l l o w i n g the p i p e l i n e
26 [ s t e p ] ( s != l o s t_p i p e ) & a c t i v e ( f o l l o w ) −> t r u e ;
27 e n d c o n t r o l l e r

Listing 1.5: An excerpt of the ProFeat feature controller of the case study

The Implementation of the Managing Subsystem in ProFeat. The managing sub-
system of the AUV is implemented as a feature controller in ProFeat. The fea-
ture controller can also use commands to change the state of the system. Such
commands are similar to those used in a module; they are mostly of the form
[ action ] guard −> update. Each command can have an optional label action to
synchronise with the modules, and its guard is a predicate of global and local
variables of the model and can also contain the function active . In contrast to
the commands in the modules, the feature controller can activate and deactivate
features in the update of a command. Several features can be activated and de-
activated at the same time, but this cannot be done probabilistically and the
resulting feature configuration has to adhere to the feature model.

In the pipeline inspection case study, subfeatures of navigation (i.e., the differ-
ent altitudes at which the AUV can operate) and subfeatures of pipeline_inspection
(i.e., the tasks the robot has to fulfil) can be switched by the feature controller
during runtime, see Listing 1.5.

When the feature search is active and the pipeline has not been found yet, the
feature controller activates and deactivates the altitudes non-deterministically,
but according to the current water visibility, as described before. The minimum
and maximum water visibility can be set by the user during design time and
influence the altitudes associated with the features low, med and high; i.e., it
influences when the feature controller is able to switch features. To reflect this,
the variables med_visib and high_visib are declared as in Lines 1–2 (a formula in
PRISM and ProFeat can be used to assign an identifier to an expression). If the
water visibility is less than med_visib, the feature controller activates the feature
low (see Lines 6–7) because the AUV cannot perceive the seabed from a higher
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Table 1: Two different scenarios used for analysis
Scenario min_visib max_visib current_prob inspect

1 (North Sea) 1 10 0.6 10
2 (Caribbean Sea) 3 20 0.3 30

1 R{" ene rgy "}min=? [ F ${ s=done } ] ;
2 R{" ene rgy "}max=? [ F ${ s=done } ] ;

Listing 1.6: Analysis using the rewards

Sea, with a higher minimum and maximum visibility and a lower probability
of currents compared to the North Sea, and 30 meters of pipeline that have to
be inspected. For both scenarios, we first analysed whether it is always possible
to finish the pipeline inspection, i.e., reach the state done. This could be con-
firmed since the minimum probability for all resolutions of non-determinism of
eventually reaching the state done is 1.0.

Table 2: Expected min-/maximum
rewards for completing the mission
for both scenarios

Energy Time
Scenario min max min max

1 24.78 44.39 23.66 32.40
2 59.08 4723.29 55.54 1315.58

Reward Properties. The rewards time and
energy were used to analyse some safety
properties related to the execution of the
AUV. Since the AUV only has a limited
amount of battery, an estimation of the
energy needed to complete the mission is
required. This ensures that the AUV is
only deployed for the mission if it has suf-
ficient battery to complete it. The commands in Listing 1.6 were used to com-
pute the minimum and maximum expected energy (for all resolutions of non-
determinism) to complete the mission. Since the model includes two reward
structures, the name of the reward has to be specified in {"..."} after the R
operator. Similarly, the minimum and maximum expected time to complete the
mission was analysed to give the system operators an estimate of how long the
mission might take. The results for Scenarios 1 and 2 are reported in Table 2.
It can be seen that the variation of the parameters in the two scenarios strongly
influences the expected energy and time of the mission. It is interesting to see
that the difference between minimum and maximum expected energy and min-
imum and maximum expected time for Scenario 2 are significantly bigger than
for Scenario 1. In particular, the maximum expected energy and time are much
higher for Scenario 2 than for Scenario 1. Further analysis in this direction could
investigate trade-offs between different scenarios and a better understanding of
the influence in the results for the different parameters.

Unsafe States. Thruster failures, although we assume that they can be repaired,
pose a threat to the AUV. Unforeseen events like strong currents might cause
the AUV to be damaged, e.g., by causing it to crash into a rock. To analyse this,
the state space was partitioned into two parts, safe and unsafe states. This was
achieved by using labels, see Lines 1–4 of Listing 1.7.
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ProFeat Analysis: Unsafe States
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1 l a b e l " un sa f e " = s=recove r_h igh | s=recover_med | s=recover_low
2 | s=r e c o v e r_ f o l l ow i n g ;
3 l a b e l " s a f e " = s=s t a r t_ t a s k | s=l o s t_p i p e | s=s t a r t_ s e a r c h | s=search_high
4 | s=search_med | s=search_low | s=found | s=f o l l o w i n g | s=done ;
5 Pmin=? [G " s a f e " ] ;
6 f i l t e r (min , Pmin=? [ F<=k " s a f e " ] , " un sa f e ") ;
7 f i l t e r (max , Pmax=? [ F<=k " unsa f e " ] , " s a f e ") ;
8 f i l t e r ( avg , Pmax=? [ F<=k " unsa f e " ] , " s a f e ") ;

Listing 1.7: Analysis of unsafe states

These labels were then used to calculate the probability of several properties.
The minimum probability of only taking safe states (see Line 5) was shown to
be 0.65 for Scenario 1 and 0.32 for Scenario 2. As expected, the probability
of only taking safe states is higher for a shorter pipeline inspection. It is also
important to ensure that a safe state will be reached from an unsafe state after
a short period of time, as, e.g., in Line 6, where k is an integer. For every unsafe
state, the minimum probability (for all possible resolutions of non-determinism)
of reaching a safe state within k time steps is calculated. Then the minimum
over all these probabilities is taken. Thus, it gives the minimum probability of
reaching a safe state from an unsafe state in k time steps. PRISM experiments
allow analysing this property automatically for a specified range of k. Using
PRISM experiments, it was shown that in both scenarios the probability of
reaching a safe state from an unsafe state is above 0.95 after 5 time steps and
above 0.99 after 7 time steps.

The probability of going to an unsafe state from a safe state should be as small
as possible. This is analysed with the properties in Lines 7–8. First, the maximum
probability (over all possible resolutions of non-determinism) for reaching an
unsafe state from a safe state is calculated, and then the maximum (or average)
is taken. Again, PRISM experiments were used to analyse this, the plotted graphs
for Scenarios 1 and 2 are displayed in Fig. 6. They show that the probability of
reaching an unsafe state from a safe state increases with the number of considered
time steps. Furthermore, the probability of reaching an unsafe state from a safe
state stabilises much later and at a higher value in Scenario 2 than in Scenario 1.
While the maximum probability of reaching an unsafe state from a safe state
stabilises after about 42 time steps at ⇡0.37 in Scenario 1, it stabilises after
about 76 time steps at ⇡0.69 in Scenario 2. Similar differences can be observed
for the average probability.

5 Related Work

The analysis of behavioural requirements is often crucial when developing an SAS
that operates in the uncertainty of a physical environment. These requirements
often use quantitative metrics that change during runtime. Both rule-based and
goal-based adaptation logics can be used to enable the SAS to meet its be-
havioural requirements. Many practitioners rely on formal methods to provide
evidence for the system’s compliance with such requirements [26,20], but many
different methods are used [15,1]. We consider related work for family-based
modelling and analysis approaches.
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8 f i l t e r ( avg , Pmax=? [ F<=k " unsa f e " ] , " s a f e ") ;

Listing 1.7: Analysis of unsafe states

These labels were then used to calculate the probability of several properties.
The minimum probability of only taking safe states (see Line 5) was shown to
be 0.65 for Scenario 1 and 0.32 for Scenario 2. As expected, the probability
of only taking safe states is higher for a shorter pipeline inspection. It is also
important to ensure that a safe state will be reached from an unsafe state after
a short period of time, as, e.g., in Line 6, where k is an integer. For every unsafe
state, the minimum probability (for all possible resolutions of non-determinism)
of reaching a safe state within k time steps is calculated. Then the minimum
over all these probabilities is taken. Thus, it gives the minimum probability of
reaching a safe state from an unsafe state in k time steps. PRISM experiments
allow analysing this property automatically for a specified range of k. Using
PRISM experiments, it was shown that in both scenarios the probability of
reaching a safe state from an unsafe state is above 0.95 after 5 time steps and
above 0.99 after 7 time steps.

The probability of going to an unsafe state from a safe state should be as small
as possible. This is analysed with the properties in Lines 7–8. First, the maximum
probability (over all possible resolutions of non-determinism) for reaching an
unsafe state from a safe state is calculated, and then the maximum (or average)
is taken. Again, PRISM experiments were used to analyse this, the plotted graphs
for Scenarios 1 and 2 are displayed in Fig. 6. They show that the probability of
reaching an unsafe state from a safe state increases with the number of considered
time steps. Furthermore, the probability of reaching an unsafe state from a safe
state stabilises much later and at a higher value in Scenario 2 than in Scenario 1.
While the maximum probability of reaching an unsafe state from a safe state
stabilises after about 42 time steps at ⇡0.37 in Scenario 1, it stabilises after
about 76 time steps at ⇡0.69 in Scenario 2. Similar differences can be observed
for the average probability.

5 Related Work

The analysis of behavioural requirements is often crucial when developing an SAS
that operates in the uncertainty of a physical environment. These requirements
often use quantitative metrics that change during runtime. Both rule-based and
goal-based adaptation logics can be used to enable the SAS to meet its be-
havioural requirements. Many practitioners rely on formal methods to provide
evidence for the system’s compliance with such requirements [26,20], but many
different methods are used [15,1]. We consider related work for family-based
modelling and analysis approaches.
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