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Abstract. Future cities will be populated by myriads of autonomous
self-driving vehicles. Although individual vehicles have their own goals
to pursue in autonomy, they may also be part of a collective of vehicles,
as in the case of a fleet of vehicles of a car sharing company. Accordingly, they may also be required to act in a coordinated way towards
the achievement of specific collective goals, or to meet specific city-level
objectives. This raises the issue of properly engineering the behavior of
such collective of vehicles, by properly capturing their collective requirements also in consideration of their individual goals, and understanding
which knowledge about the state of the collective they must be provided
with. In this context, this paper shows how the SOTA model can be
a very effective tool to support the engineering of self-driving vehicle
collectives. SOTA, by bringing together the lessons of goal-oriented requirements engineering, context-aware systems, and dynamical systems
modeling, has indeed the potential for acting as a general reference model
to help tackle some key issues in the design and development of complex
collective systems immersed in dynamic environments, as collectives of
self-driving vehicles are.
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1

Introduction

As we are entering the era of autonomous cars, many envision that future urban
mobility will no longer be primarily supported by private vehicles, but rather
by fleets of autonomous vehicles, either owned by private companies or by the
municipality itself, and devoted to car or ride sharing [5, 8], and to the delivery
of merchandise [16]. Thus, properly organizing and managing such fleets will be
of primary importance in future cities.
Such management will have to account the diverse and mostly unpredictable
demands of individual citizens, commercial activities, and industries. Also, it will
have to account for resource restrictions related to, e.g., availability of parking

lots and availability of charging stations (we assume the vehicles are electric
ones). In terms of objectives, the management will have to harmonize at the best
with the needs of individual vehicles (that is, of the citizens that have rented a
vehicle), the needs of the fleet (i.e., or of the company that owns the fleet) as a
whole, and possibly the specific constraints imposed by the municipality (e.g.,
in terms of traffic or pollution).
Overall, then, the management of such fleets will resemble the management
of collective adaptive systems that are called to operate in open-ended and unpredictable environments [4]. Accordingly, software infrastructures in charge of
the fleet will have to become self-adaptive in their behavior [17], i.e., capable of
dynamically adapting their behavior without human supervision. Thus, they can
respond to changing situations and unexpected contingencies without suffering
malfunctionings or degrading of quality of service.
In the past few years, several research works have been devoted to identify
models [18, 7], languages [14, 6], and tools [2], to support the development of
collective self-adaptive software systems. However, a key issue that is still open
is the identification of general modeling frameworks to help tackling the many
complex issues associated with the proper engineering of collective self-adaptive
systems. These issues include: proper analysis and verification of functional and
non-functional requirements of self-adaptation, and the analysis and identification of the knowledge requirements, i.e., of which information must be made
available to a system to support its self-adaptive behavior.
To tackle this issue, we previously proposed [1] a sort of “black-box” approach
to adaptation in which, abstracting from the actual mechanisms via which to
achieve adaptation, we questioned about “what adaptation is for” from the viewpoint of system requirements and observable dynamic behavior of a system. The
result of this process is SOTA (“State Of The Affairs”), a robust conceptual
framework that, by grounding on the lessons of goal-oriented requirements engineering [12], dynamical systems modeling [20] and multidimensional context
modeling [13], can provide effective conceptual support to self-adaptive software
development.
In particular, the key idea in SOTA is to perceive a self-adaptive software
system, like the one needed for the management of collectives of self-driving vehicles, as a sort of complex dynamic system immersed in a virtual n-dimensional
phase space, each dimension being associated to either some internal software
parameters or some external environmental parameters of interest for the execution of the system. The adaptive execution of the system can then be modeled
in terms of movements in such space. Functional requirements (i.e., goals) are
associated to areas of the phase space the system has to reach, non-functional
requirements are associated to the trajectory the system should try to walk
through, whereas self-adaptation is associated to the capability of the system
to re-join proper trajectories when moved away from it. For example, a fleet of
self-driving vehicles could have a functional requirement of arriving at destination on time, and a non-functional requirement of keeping the overall energy
consumption below a certain threshold.

Indeed, in the area of complex software systems, it has been extensively
argued that dynamical systems modeling can be a powerful tool to analyze the
behavior of complex systems [23], and several studies exist in that direction
(e.g., [19]). SOTA commits to the above perspective, but it adopts a totally
different endeavour. In fact, it exploits dynamical systems as a means to model
and engineer the behavioral and awareness requirements, rather than as a means
to analyze the behavior of existing systems.
The exploitation of the SOTA model in the engineering of self-adaptive systems (possibly in conjunction with, and complementing, more traditional conceptual tools for goal-oriented requirements engineering [12, 15]), and in particular
of collective systems of self-driving vehicles, brings several advantages:
– SOTA can be used as a tool to support the process of identifying which
knowledge must be made available to the system and its components, and
what degree of situation awareness they should reach to support adaptivity
[22];
– SOTA can be used to early assess self-adaptation requirements via modelchecking techniques [3], towards a better and more sound process of requirements engineering for self-adaptive systems.
The remainder of this paper is organized as follows. Section 2 provides an
overview of the SOTA model. Section 3 shows how SOTA can be applied to a
scenario of a collective of self-driving vehicles. Section 4 discusses how SOTA
can be adopted to assess the knowledge or awareness requirements. Section 5
shows how the SOTA model can be an effective tool for the early assessment
of requirements for self-adaptive systems via model checking. Finally, Section 6
concludes the paper.

2

SOTA Model

SOTA builds on existing approaches to goal-oriented requirements engineering
[12, 15] and, for modeling the adaptation dimension, it integrates and extends
recent approaches on multidimensional modeling of context, such as the “Hyperspace Analogue to Context” (HAC) approach [13]. In particular, such generalization and extensions are aimed at enriching goal-oriented and context modeling
with elements of dynamical systems modeling [20], so as to account for the general needs of dynamic self-adaptive systems and components.
The term SOTA stems from “State Of The Affairs”, which is a concept central
in SOTA. The state of the affairs of a system is intended as any characteristics of
the system itself and of the environment in which it lives and executes that may
affect its behavior and that may be relevant with respect to its capabilities of
achieving the objectives it was built for. In other words: (i) given a specific state
of the affairs, i.e., the overall situation in which the system is; (ii) given that the
state of the affairs can change due to both the internal activities of the system
and the external dynamics of the environment; and (iii) a self-adaptive system
must be able to trigger internal activities that enable it to achieve desirable state

of the affairs (i.e., the goals or objectives it was built for) despite the external
dynamics.
2.1

SOTA Space

SOTA assumes that the current “state of the affairs” S(t) at time t, of a specific
entity e (let it be an individual component or an ensemble of components) can
be described as a tuple of n si values, each representing a specific aspect of the
current situation of the entity/ensemble and of its operational environment:
S(t) = hs1 , s2 , . . . , sn i
As the entity executes, S changes either due to the specific actions of e or
because of the dynamics of e’s environment. Thus, we can generally see this
evolution of S as a movement in a virtual n-dimensional space S (see Fig.1):
S = S1 × S2 × . . . × Sn
Or, according to the standard terminology of dynamical systems modeling,
we can consider S as the phase space of e and its evolution that can be caused
by internal actions or by external contingencies as a movement in such phase
space.
To model such evolution of the system in terms of “transitions”, θ(t, t + 1)
expresses a movement of e in the S, i.e.,
θ(t, t + 1) = hδs1 , δs2 , . . . , δsn i, δs1 = (s1 (t + 1) − s1 (t))
A transition can be endogenous, i.e., induced by actions within the system
itself, or exogenous, i.e., induced by external sources. The existence of exogenous
transitions is particularly important to account for. In fact, the identification of
such sources of transitions (i.e., the identification of which dimensions of the
SOTA space can induce such transitions) enables identifying what can be the
external factors requiring adaptation.
2.2

Goals and Utilities

The requirements of a complex software (and more generally ICT) system can
be naturally expressed in terms of the general objectives it has to achieve, which
in turn typically decomposes into specific goals [9], to be achieved by either
individual entities of the system or ensembles of entities.
A goal by definition is the eventual achievement of a given state of the affairs. Therefore, in very general terms, a specific goal Gi for the entity e can be
represented as a specific point, or more generally as a specific area, in the SOTA
space. That is:
Gi = A1 × A2 × . . . × An , Ai ⊆ Si

Fig. 1. The trajectory of an entity in the SOTA space, starting from a goal precondition
and trying to reach the postcondition while moving in the area specified by the utility.

More specifically, a goal Gi of an entity e may not necessarily be always active.
Rather, it could be the case that a goal of an entity will only get activated when
specific conditions occur. In these cases, it is useful to characterize a goal in
terms of a precondition Gpre
and a postcondition Gpost
, to express when the
i
i
goal has to activate and what the achievement of the goal implies. Both Gpre
i
and Gpost
represent two areas or points in the space S. In simple terms, when
i
an entity e finds itself in Gpre
the goal gets activated and the entity should try
i
to move in S so as to reach Gpost
, where the goal is to be considered achieved
i
(see Fig.1). Clearly, a goal with no precondition is like a goal whose precondition
coincides with the whole space, and it is intended as a goal that is always active.
As goals represent the eventual state of the affairs that a system or component has to achieve, they can be considered functional requirements. However,
in many cases, a system should try to reach its goals by adhering to specific constraints on how such a goal can be reached. By referring again to the geometric
interpretation of the execution of an entity as movements in the space S, one
can say that sometimes an entity should try or be constrained to reach a goal
by having its trajectory be confined within a specific area (see Fig. 1). We call
these types of constraints on the execution path that a system/entity should try
to respect as utilities, to reflect a nature that is similar to that of non-functional
requirements.
As goals, a utility Ui can be typically expressed as a subspace in S, and
can be either a general one for a system/entity (the system/entity must always
respect the utility during its execution) or one specifically associated to a specific
goal Gi (the system/entity should respect the utility while trying to achieve the
goal). For the latter case, the complete definition of a goal is:

post
, Ui }
Gi = {Gpre
i , Gi

In some cases, it may also be helpful to express utilities as relations over the
derivative of a dimension. That is to express not the area the trajectory should
stay in but rather the direction to follow in the trajectory (e.g., try to minimize
execution time, where execution time is one of the relevant dimensions of the
state of affairs). It is also worth mentioning that utilities can derive from specific
system requirements or can derive from externally imposed constraint.
A complete definition of the requirements of a system-to-be thus implies
identifying the dimensions of the SOTA space, defining the set of goals (with
pre- and postconditions, and possibly associated goal-specific utilities) and the
global utilities for such systems, that is the sets:
S = S1 × S2 × . . . × Sn
G = {G1 , G2 , . . . , Gm }
U = {U1 , U2 , . . . , Up }
Of course, during the identification of goals and utilities, it is already possible
to associate goals and utilities locally to specific components of the system as
well as globally, to the system as a whole. Thus, the above sets can be possibly
further refined by partitioning them among local and global ones.

3

Engineering Collectives of Self-driving Vehicles

In this section, we exemplify how it is possible to address the problem of engineering collectives of self-driving vehicles (i.e., the management of a fleet of
autonomous vehicles for car sharing services) using the SOTA approach. Such a
scenario is characterized for being immersed in unpredictable and dynamic environment, which makes features of self-adaptation particularly important. Let
us now conceptualize the problem in detail.
– A fleet F has a set of vehicles. A vehicle Vi has a set of planned rides,
i.e., R = {R1 , R2 , . . . , Rn }. Each planned ride is defined by a location Li , a
starting time i TSR , and duration i DR . A route alternative can be provided
from ride Ri to Ri+1 as i RD .
– The departure time and arrival time of a vehicle are provided by i TSD and
D
i TE , respectively.
– The battery state of charge or energy level of a vehicle Vi at departure time
D
is defined by i ESD , while i EE
specifies battery level at arrival time.
– The goal of a vehicle Vi is to arrive in time at the appointment, so that i TED
<= i TSD , and the battery level should never run out, so it is required that
D
i EE > 0.
– The charging of a vehicle could occur during the appointment duration.

– A set of parking lots can be present where each one is defined by a name
P Lname. Similarly, a set of charging stations can be defined with each one
having a name CSname. The available parking spaces and charging stations
in location L can be defined as P arkSpotsN um and ChargeSpotsN um.
The overall transportation system can be conceptually modeled as SOTA
entities (e) moving in the SOTA space (S). These entities could be an individual
entity (e.g., vehicle), or a group of entities (e.g., fleet of vehicles; infrastructure
resources, such as parking lots, charging stations and roads). Both vehicles and
the fleet can be modeled in terms of entities that have goals (Gi ), which can be at
the individual (single vehicle) or global level (a fleet). Similarly, utilities (Ui ) can
be identified, related to how such goals can be achieved, also at the individual
or global level. In the SOTA space, the locations, departure or arrival times, and
battery energy levels correspond to the dimensions of the SOTA space, while a
goal or utility can be represented as a specific point or area of the phase space.
From the point of view of a vehicle (Vi ), a key goal is to reach the destination
within time and battery energy level. We can characterize this goal in terms of
a precondition and a postcondition to express when the goal has to achieve and
what the achievement of the goal implies. For example, the preconditions can be
(Gpre
i ) to check whether the list of planned rides is known; the parking lots are
assigned; the charging stations are assigned; and the battery state of charge level
is sufficient at trip start. The postcondition (Gpost
) can be the actual goal itself,
i
such as reach the destination within the time allocated and within the battery
state of charge level. In the same manner, utilities (Ui ) can be identified at the
individual vehicle level, as a general one or as one associated to a specific goal
of the vehicle.
For example, Fig. 2 illustrates a portion of the case study. A vehicle Vi
starting at L0 has the goal of completing planned ride Ri and arrive at location Li
(for simplicity of drawing we consider a one dimensional spatial extend – road –
indicated by L). The figure illustrates a part of the SOTA space focusing on three
dimensions: location, time and battery level. For readability, we represent both
the 3D space and also 2D projections. The goal Gi of vehicle Vi is represented
by the blue box: the vehicle has to be at location Li at i TSR time, with a battery
level greater than 0. The utility Ui (i.e., non-functional requirements) of Vi is
represented by the green box: the vehicle battery level should not become too
low. The state of vehicle Vi is a point in this space and its actions describe the
red trajectory in the space: Vi reach its goal on time consuming some battery,
but remaining within the non-functional requirements/boundaries.
From the viewpoint of a fleet (F ), we can associate goals and utilities to
the system as a whole, i.e., globally. Maximizing the usage of vehicles is a key
requirement for the fleet. In this regard, we can identify two goals (Gi ) for the
fleet F . They are: (i) distributing the vehicles of the fleet fairly in the city at
midnight every day; and (ii) creating and assigning trips for the vehicles. The
preconditions (Gpre
i ) for the distribute vehicles goal are checking whether the
time is midnight, and distribution of the vehicles in the city is imbalanced.
The postcondition (Gpost
) is the actual redistribution of the vehicles in a fair
i

Fig. 2. SOTA space in the case study. The figure illustrates a portion of the case study.
A vehicle Vi starting at L0 has the goal of completing planned ride Ri and arrive at
location Li . The goal Gi of vehicle Vi is represented by the blue box. The utility Ui of
Vi is represented by the green box.

and balanced manner. In the meantime, the precondition for the create trips
goal can be to check whether the vehicles are available before assigning trips
for them. The postconditions can be whether the rides list, parking lots and
charging stations have been assigned for the vehicles.
As for global utilities (U ), these can be a general one for the fleet or one
specifically associated to a specific goal of the fleet. For example, there can be a
utility for all the vehicles in the fleet to avoid roads with tolls or avoid localities
that have disruptions. Some global utilities of the fleet which can be expressed
as relations over the derivative of a dimension are: maximize usage of vehicles
in the fleet, minimize journey time or cost, and minimize battery consumption.
As provided for a vehicle, we can identify the relevant dimensions (S) of
the state of affairs for a fleet. They are: current locations of the vehicles in the
fleet; availability of the vehicles; availability and capacity of the infrastructure
resources; battery energy levels of the vehicles; current traffic information; and
journey times and costs.

4

SOTA Space and Knowledge Requirements

The “state of the affairs” is a very general concept, and its dimensions include
anything relevant to keep a system up and running (i.e., hardware, software,
environmental features) [1]. Therefore, identifying what are the relevant dimensions around which to model the SOTA space is a necessary activity towards the
building of a self-adaptive system. However, when discussing about self-adaptive

systems, such identification also directly relates to identifying: (i) the knowledge (i.e., what dimensions) that must be made available to entities to enable
self-adaptation; (ii) the type of sensors (i.e., physical or virtual) that must be
available from components to gather the necessary knowledge.
4.1

Identification

For both of them, areas Ai ⊆ Si can be expressed in terms of conditional expressions over the values in Si . In the case where one dimension Si is not relevant
for either a specific goal or utility, then Ai ≡ Si .
Indeed, in many practical cases, goals and utilities involve only a limited
fraction of the state space. That is, Gi is expressed as a set of points or areas
in an m-dimensional space (with m < n), projection of the original space. If
we consider a base vector: B =< b1 , b2 , . . . bn >, bi ∈ {0, 1} such that bi = 0 ⇔
∀Gi ∈ G ∧ ∀Ui ∈ U −→ Ai ≡ Si , then goals and utilities can be expressed in the
sub-dimensional space: SS = B × S. The sub-dimensional space SS is important
because it defines what information is relevant for the system. That is, it drives
the requirements for which knowledge has to be acquired, modeled, and made
available to services.
In addition, one should also account for specific contingency situations of
SOTA that may affect the capability of a system of achieving its goal in respect
of the utilities, and that are not explicit in either G or U. It may be necessary
to identify these contingencies, identify when and how they could affect the
capability of the system, and turn these explicitly either as utility functions or
as “impossible areas”, i.e., areas of the SOTA space in which the system, however
self-adaptive, will no longer be able to achieve.
Let us examine some contingency situations with respect to a vehicle and a
fleet. As mentioned in Section 3, a vehicle has a goal of reaching a destination
within time and battery energy level. However, during mobility it could find that
the assigned parking lot is no longer available, or its battery level is running out.
At the same time, a fleet has a goal of creating trips for the vehicles, but a vehicle
in the fleet could leave later than its scheduled time for an appointment, thus
affecting the trips of the other vehicles in the fleet. Some of these contingency
situations could affect the capability of the system, and can be shown in the
SOTA space as impossible areas that are no longer achievable. For instance, a
fleet has a goal of distributing the vehicles of the fleet in a balanced manner in
the city at midnight every day. However, there could be a disruption in the road
due to maintenance work in a particular area of the city, which is unavoidable.
This will result in some vehicles not being distributed fairly.
So far, we assume that all dimensions in S are independent from each other;
that is, a movement in Si does not affect the positions in the other dimensions Sj .
Unfortunately, this is not always the case: the characteristics of the domain can
induce additional constraints. For instance, in a vehicle, its driving style (e.g.,
speed) and battery state of charge level are interlinked, a change in speed implies
a change in battery state of charge. Also, the list of planned rides of a vehicle
could be affected by other dimensions, such as availability of the infrastructure

resources (e.g., parking lots), and current traffic information. Similarly, in a
fleet, the locations of the vehicles could be constrained by the availability of
the infrastructure resources. Therefore, along with the identification of the goals
and utility sets G and U, it can be useful to identify constraints on the SOTA
dimensions and on the “trajectories” that a system can follow on them.
4.2

Sensors and Virtualization

Each dimension of the SOTA space implies sensors. However, this is not an issue
per se: a number of different sensors are available to measure the most diverse
features. For example, an e-vehicle has a range of sensors to measure different
SOTA context dimensions, such as: GPS (global positioning system) sensor,
accelerometer sensors, ABS (anti-lock brake system) sensors, gyrometer sensors,
steering angle sensors, sensors in the battery, and temperature and humidity
sensors inside the vehicle.
Most of these sensors report the values in terms of numeric time series,
whereas within the SOTA space, it will be better to consider movements as
represented in values which are meaningful. The problem lies in providing services with an appropriate view of what’s happening, i.e., leveraging the low-level
perspective of the actual sensors into that of a “virtual sensor” which is capable
of providing an appropriate view representation of the values in that dimension.
In general, virtual sensors are useful for: (i) grouping a number of physical sensors for the sake of fault tolerance; (ii) converting sensor readings into relevant
information; and (iii) grouping different physical sensors allowing multi-modal
recognition capabilities. During the modeling of a system, the issue of identifying
what types of virtual sensors are required to enable and facilitate adaptation is
thus necessary to properly drive activities related to knowledge modeling and
processing. The latter is required to turn physical sensors into virtual ones.
Another important aspect of the virtualization process is that it detaches
the provisioning of the virtual information from that of the actual sensors. Let
us consider some examples of virtual sensors in the case study for a vehicle: (i)
battery state of charge: the charge level of the battery which can be determined
using the current and voltage measurements from the battery’s sensors. Similarly,
battery state of health can be calculated to indicate the overall condition of the
battery; (ii) a virtual sensor to measure dynamics of a vehicle: the angle of the
steering from the steering angle sensor can be used to determine where the front
wheels are pointed. This measurement when combined with measurements from
the yaw, accelerometer and wheel speed sensors, it is possible to measure the
dynamics of the vehicle which can be used by the stability control system of
the vehicle; (iii) climate comfort sensor: the temperature and humidity sensors
inside the vehicle can be used to calculate climate comfort level for the user,
which can be eco or maximal.
An example of a virtual sensor for the fleet is calculating and determining
whether current distribution of vehicles in a fleet is fair or imbalanced, depending
on the individual locations of the vehicles which can be acquired through their

individual GPS sensors and by the aggregation of all individual locations into a
sort of aggregate indicator of imbalance in fleet distribution.

5

Model Checking SOTA Requirements

It is possible to adopt SOTA as an effective tool to perform an early, goal-level,
model checking analysis [11] for self-adaptive systems. Our approach allows the
developers of complex self-adaptive systems to validate the actual correctness of
the self-adaptive requirements at an early stage in the software life-cycle.
SOTA supports a simple operational model [3] that makes it possible to adapt
and apply existing model-checking techniques to goals and utilities, and thus
assess and improve requirements identification. Our target event-based model for
reasoning about goals and utilities is labeled transitions systems (LTSs), which
provides a simple formalism for compositional reasoning in architectural context.
This formalism is supported by a tool that provides a wide range of analysis
and animation capabilities. Thus, our model checking approach is based on the
formal verification, validation and simulation techniques provided by the Labeled
Transition System Analyzer (LTSA) [11], and its process calculus Finite State
Processes. The formalism that we use to model goals and utilities is Fluent Linear
Temporal Logic (FLTL) assertions. The entities–a single vehicle and a fleet–
represent the SOTA entities moving in the SOTA space. In operational terms,
this can be expressed as multiple processes or LTSs, and the overall execution
of the system modeled as a concurrent event-based one, in which the process
transitions (of an exogenous or endogenous type) correspond to movements in
the SOTA space.
As described in [3], the overall model checking process of SOTA requirements
has four main stages: requirements modeling using i* framework [21], SOTA
grammar and language, transform goals and utilities to asynchronous FLTL,
and verification. We refer the reader to [3] on details of the operationalization
of the SOTA model, and the application of the approach to simple e-mobility
examples. This paper specifically focuses on the verification stage with case study
exemplifications where model checking is applied to: (i) validate whether a set of
required preconditions and postconditions forms a complete operationalization
of a single goal (i.e., single goal operationalization); and (ii) check the satisfaction
of global goals or utilities.
5.1

Validate Single Goal Operationalization

As mentioned in Section 2.2, a goal Gi can be characterized by a precondition
Gpre
and a postcondition Gpost
. Also, a goal Gi can be associated to a utility
i
i
Ui that needs to be respected while trying to achieve Gi . In the SOTA model,
these goals and utilities are expressed as a subspace in S. For validating single
goal operationalization, we check whether a set of preconditions, postconditions
and/or a goal-associated utility forms a complete operationalization (i.e., all the
conditions in the set of preconditions, postconditions and/or a goal-based utility

are satisfied) of a requirement [3]. This is to ensure that the operationalization of
goals and utilities has been performed correctly by the engineer from the SOTA
model.
To achieve this, the assertions created for a requirement (e.g., preconditions,
postconditions) are composed with the event-based behavioral model, and then
model checking can be performed using the LTSA. If the operationalization
of the requirement is incomplete, for example, let us assume that a required
precondition has been omitted inadvertently, then the LTSA model checker will
generate a counterexample trace identifying the error. For example, as mentioned
in Section 2, the reach destination goal of a vehicle (Vi ) has a precondition (Gpre
i )
to check the battery state of charge is sufficient at trip start. Also, there can be a
utility (Ui ) to ensure climate comfort level inside the vehicle is maintained while
) is the
the vehicle reaches its destination. The postcondition of the goal (Gpost
i
actual goal itself, which is to reach the destination within the battery state of
charge level and on time. Now assume that the precondition for this goal has
been omitted during the operationalizing process by the engineer inadvertently.
This will result in violating of the assertion created for the goal. Thus, the
model checker will generate a counterexample (error) trace annotated with the
constraints which were violated, which can be used by the engineer to identify
the error and correct the requirements model.
5.2

Validate Global Goal/Utility Satisfaction

In addition to checking single goal operationalization, we can perform model
checking to check the satisfaction of global goals or global utilities by operational
models that describe the behavior of multiple components. Such validation will
ensure that the operationalization of the global goals and utilities from the SOTA
model has been performed correctly by the engineer. For this, we check whether
a set of goals or utilities forms a complete operationalization (i.e., all the goals
or utilities are satisfied) of a global requirement. In SOTA terms, such validation
means the checking the requirements of the set of goals G or utilities U :
G = {G1 , G2 , . . . , Gn }, |G| > 1
U = {U1 , U2 , . . . , Une }, |U| > 1
For example, in the case study, a global goal (G) for the fleet is to maximize
usage of vehicles. This global goal can be composed of two goals on distributing
the vehicles of the fleet fairly in the city at midnight every day; and creating and
assigning trips for the vehicles. In another example, the global utility to avoid
roads with tolls for the fleet can be composed of the utilities of individual vehicles
in the fleet. To validate these, the assertions created for the goals and utilities
can be composed, and then model checking can be performed by the LTSA to
check the overall satisfaction of the global goal or utility. If the operationalization
is incomplete, for instance, a required goal or utility has been omitted by the
engineer, the LTSA will produce an error trace which can be used by the engineer
to locate the error and correct it.

In this manner, by performing validation of single and global goal operationalization, we identify any incompleteness of the SOTA goal-oriented requirements
model. However, a typical problem that may occur in goal-oriented modeling is
that an inconsistency or an implicit requirement [10] can result in a deadlock in
the specification, as discussed next.
5.3

Detect Inconsistencies

An inconsistency in the specification could occur due to several reasons. These
can be (i) if the postcondition of a goal does not imply its precondition then
is true but the
the system might be in a state where the postcondition Gpost
i
is
not
true.
So
the
goal
needs
to
be
satisfied
but it is not,
precondition Gpre
i
leading to an inconsistency; (ii) if the operational model is derived from conflicting goals. Therefore, it is important to detect inconsistencies in the SOTA
operational model as deadlocks.
To illustrate an example of the first type, in the e-mobility case study, let
us consider that the reach destination goal of a vehicle Vi has a precondition
(Gpre
i ) to check whether a parking lot and a charging station have been assigned.
There could be a situation where the precondition of the goal is not satisfied,
i.e., charging station has not been assigned for the trip. This is although the
vehicle is able to reach the destination within the time and energy levels (i.e.,
the postconditions Gpost
are satisfied).
i
As for the inconsistencies that occur from conflicting goals, let us consider
two entities SC1 and SC2 that are to be composed into an ensemble or group
of entities SCE. First, assume that SC1 and SC2 have two shared goals Gi and
Gj , which share the same n-dimensional SOTA space S. The preconditions of
the two goals overlap but the postconditions do not overlap. That is:
Gpre
∩ Gpre
6= ∅ ∧ Gi ∩ Gj = ∅
i
j
Therefore, both these goals could be activated and pursued at the same time in
two paths in the SOTA space S, and this should not be the case. Second, assume
that SC1 and SC2 have two goals Gi and Gj and the goals’ preconditions and
postconditions both overlap. That is:
Gpre
∩ Gpre
6= ∅ ∧ Gi ∩ Gj 6= ∅
i
j
Therefore, both these goals could be activated and pursued at the same time in
the same direction of the SOTA space S. We can perform LTSA model checking
to detect such inconsistencies that arise from conflicting goals as deadlocks in the
specification. Next in order to describe the inconsistencies that can occur from
conflicting goals, two examples from the e-mobility case study are provided.
For the first conflicting goals situation, assume that there are two vehicle
entities (V1 and V2 ) of the fleet F , which have been composed into an ensemble.
Let us consider that these two vehicles have been assigned to the same user for a
trip that has two planned rides (R1 and R2 ). That is, vehicle V1 has been assigned
a ride R1 to travel to the first appointment at location L1 , and afterwards vehicle

V2 has a ride R2 to travel to the second appointment at location L2 . Here, both
vehicles (V1 and V2 ) can have the same preconditions at the trip start, such as
they are available at the time of trip creation. However, now assume that during
mobility, if vehicle V1 reaches an insufficient level of battery charge level, and
it is not able to reach location L1 in time, then the postconditions of both V1
and V2 entities do not match any more. That is, the goals of these entities will
be conflicting. In such a situation, the system may be in a state where both
operations could take place in two paths, thus leading to an inconsistency.
On the other hand, for the second conflicting goals situation, consider two
vehicles V1 and V2 of a fleet F that have been assigned to the user for the same
trip. Here, both vehicles will have overlapping preconditions and postconditions
as they require to reach the same destination within the time allocated. Here the
system could be in a state where both operations taking place towards the same
direction, which should not be the case. This is because there is no next state that
will satisfy both the postconditions of the two goals. These inconsistencies in the
SOTA operational model can be overcome, first through the explicit modeling
of additional constraints to handle them, and then composing them with the
event-based behavioral model and performing LTSA model checking.

6

Conclusions and Future Work

Future fleets of self-driving vehicles will be examples of collective adaptive systems that are required to act in a coordinated way towards the harmonized
achievement of both individual and collective goals. This paper presented the
SOTA approach for the engineering of such kind of systems, focusing in particular
on proper analysis and modeling of functional and non-functional requirements
of self-adaptation, and the analysis and identification of which information must
be made available to a system to support its self-adaptive behavior.
Future work will exploit the results of the SOTA modeling as a guide towards
the adaptive identification of the most suitable coordination patterns for a fleet
of self-driving vehicles, depending on their current operating conditions.
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