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Abstract. The control logic underlying building automation systems
has consisted, traditionally, of embedded discrete programs created using
either low-level or proprietary scripting languages, or using general pur-
pose 4th generation visual languages like Simulink. It is also well known
that programs developed in this way are hard to evolve, test, and main-
tain. These difficulties are intensified when continuous control problems
have to be tackled or when the actuation must vary continually subject
to the sensor inputs. Such is the case in day-lighting or occupancy-based
control applications. In this paper, we propose a declarative high-level
Domain-Specific Language (DSL) that aims to reduce the effort required
to specify the control logic of building automation systems. Our language
combines fuzzy logic and temporal logic, enabling to define the behaviour
in terms of domain abstractions. Finally, the approach has been vali-
dated in two ways: i) in a case study that simulates the control system
of an automated office room; and, ii) by means of an empirical study
to confirm usability (with a System Usability Scale questionnaire) and
effectiveness, here regarded from the perspective of correctness, of the
proposed language with respect to a well known language like Simulink.

Keywords: Ambient Intelligence - Context-Aware Systems - Building
Automation - Fuzzy Control Systems - Domain-Specific Languages

1 Introduction

Building automation (BA) refers to the concept of coordinating electrical devices
to deliver building services in the most efficient way while minimizing human
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intervention. Despite BA systems have been around since the 1980s, the internet-
of-things (IoT) has propitiated an upsurge of interest in this domain. In addition,
since it has been demonstrated that these systems can play a critical role in
lowering the energy consumption in buildings, even international organizations
and governments have started to endorse their adoption [50,7,10].

In a BA system, devices such as luminaries, window blinds, or HVAC systems,
among others, besides being attached to a traditional power network, are also
connected to a digital networked bus and exchange messages with each other.
Broadly speaking, electrical devices consist of sensors and actuators. On the one
hand, sensors send messages to the bus informing about the physical reality or
events, such as, the current temperature, a door that just opened, or a button
being pushed. On the other hand, actuators are responsible for changing this re-
ality. For instance, messages sent to actuators can turn lights on, open a gate, or
close a specific valve. The third type of device, known as controllers, receive mes-
sages from the bus and orchestrate the actuator devices. Traditionally, the logic
of controllers in most BA systems has been developed using low-level embed-
ded programming languages like assembly, C-language, or PLC programs. Also,
other approaches bring the accidental complexity of general purpose languages
to the visual level, like the 4th generation language Simulink.

Although there is no single factor driving the cost of BA systems, it is well
known that developing, testing, and maintaining the control logic of BA com-
ponents is time-consuming and error-prone. Moreover, it requires considerable
technical expertise. One essential problem is that embedded programming lan-
guages are essentially discrete and fail in addressing continuous control problems
where actuators must be driven continually according to information coming
from the sensors (such as daylight harvesting or occupancy-based control). Tak-
ing this into account, most efforts on the field were focused on BA control, mainly
targeting performance and efficiency but not concerned about the cognitive gap
that hinders how end-users can implement or change the behaviour of their con-
trol system with effectiveness and satisfaction. These difficulties related to the
peculiarities of the BA system and the cognitive gap have been recognized over
the years, e.g. [39,40,44,26].

Many approaches to common control have been proposed in the literature.
However, these controllers have some disadvantages. They usually need a model
of the building and have difficulties in controlling non-linear parameters [41].
Furthermore, the controller’s design is not friendly and directly depends on the
paradigm used to create the control model. For instance, model predictive control
(MPCQ) [1,35], artificial neural networks [19,4], or linear and non-linear program-
ming languages [49,34] are just some examples of BA controllers that are hard
to interpret by the typical end-user. Indeed, these control schemes are quite
different from how humans reason, which is undoubtedly a problem [27].

Fuzzy logic [60] is one of the paradigms that closes the gap between machine
and human reasoning, among other reasons because it provides the means to
reason with uncertainty, imprecise, or fuzzy knowledge. Moreover, fuzzy control
[15] looks like a PI or PID controller (Proportional Integral Derivative) but,
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in contrast with classical automation methods, it does not require an explicit
numerical model of the system to be controlled. In fact, a fuzzy logic controller
(FLC) is implemented by if-then rules which are similar to the natural language
of humans and bring the concept of computing with words closer to the user [56].
This is certainly one of the reasons why FLCs have been employed successfully in
many application domains, including BA, as a means of capturing the knowledge
to synthesize hardware controllers that operate in real-time [33,43,37].

BA specialists should be able to specify system behaviour in a friendly way,
easy to understand, test, and re-use. To this aim, we propose a domain-specific
declarative language, based on fuzzy logic control, for defining the behaviour of
BA systems. A declarative language with a formal semantics enables focusing
on what the user wants to do instead of how to do it. As aforementioned, fuzzy
logic provides the means to define control in a human-like way, simplifying thus
the synthesis of control programs. However, a more BA-oriented language should
facilitate its use by control designers.

Although there is no consensus about a single definition of context [9,2],
a context is an abstract state that characterizes a situation relevant from the
interaction viewpoint between the system and the user/environment. Aspects,
such as the current situation, location, nearby people, changes in the objects,
time, users’ identity, and emotional state are usually taken into account. In this
paper, we define a Domain-Specific Language (DSL) adapted to the BA control
needs, that allows the definition of contexts that can capture user intentions
and the environment state from the sensors. Furthermore, it also allows the
description of rules to capture complex situations, such as the combination of
contexts, which may be very useful for conflict resolution.

Also, the proposed language integrates some operators of temporal logic. As it
will become clear later, this is a significant improvement compared to traditional
FLCs that usually do not allow reasoning about time. However, this feature is
necessary to control complex situations. Specifically, we use Linear Temporal
Logic (LTL) so the model time flow is ordered in a linear sequence, i.e., each
state can only lead to a single next state.

We also compared our DSL with Simulink, which is a graphical programming
environment for modelling, simulating and analyzing multi-domain dynamical
systems, widely used for automatic control. Our evaluation compares both lan-
guages asking subjects to undertake modelling challenges and concludes that the
proposed DSL scores above Simulink in terms of usability and expressiveness.

Finally, it should be noticed that the proposed language is not tied to any
domain, although it has been created bearing in mind BA. In fact, its ability to
handle uncertain information and to reason with that information, but in differ-
ent moments in time, is a clear need in many other domains. Moreover, our DSL
organizes the definition of a controller from sensors, actuators, contexts, and
scenarios, which are common elements in any control domain. A direct domain
of application is IoT, where the ability of this DSL to explicitly define rules able
to reason about past events could support the design of more complex control
systems. Smart cities, industrial Internet, or connected health could benefit from
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this ability and handle better complex behaviours and, thus, go from the tradi-
tional reactive control to a more responsive one, able to consider long and short
term past outcomes.

The rest of the paper is organized as follows. In Section 2, we present an
overview of relevant concepts regarding fuzzy logic and temporal logic. In Sec-
tion 3 we analyze recent approaches in BA dealing with control design. In Sec-
tion 4 and Section 5 we describe the proposed framework and language, which
is validated in Section 6 with a simple case study. In Section 7, we describe the
empirical study held with subjects to evaluate the proposed language. Finally,
the conclusions and future work are summarized in Section 8.

2 Background

This section introduces the main concepts, syntax and semantics of Fuzzy Logic
and Temporal Logic on which the language specification language that we pro-
pose is based.

2.1 Fuzzy Logic

Fuzzy logic [60] generalizes propositional logic to enable reasoning over imprecise
and uncertain information. In fuzzy logic, propositions have truth values that
range in degree between 0 and 1, in contrast with the crisp false and truth of two-
valued logic. One motivating example is the definition of the predicate hot(z)
that holds whenever a place z, in a given universe X of places, is considered
hot. A threshold above which a place is deemed to be hot does not capture
the implicit definition of a hot place (i.e., at which temperature should it be
considered hot?).

A fuzzy set A over a universe X of objects is defined as the set A =
{(z,pa(x))|x € X}, where pa(z) : X — [0,1] is a function, known as the
membership function, that characterizes the membership of the elements x € X,
indicating the degree to which a certain object x belongs to a fuzzy set A. Using
fuzzy sets, the notion of a hot place can be defined as a certain fuzzy set A
over the universe X of temperatures. The membership function p(x), depicted
in Fig. 1, displays a continuous transition from 0 to a full degree of membership,
where, for instance, a temperature of 26 °C it is not considered a completely hot
place, while 35°C is considered a hot place.

In fuzzy logic terminology [57,58], a universe X is called a linguistic variable.
Each linguistic variable has associated one or more fuzzy sets that describe
certain intervals of the universe. These fuzzy sets are called linguistic values [25].
For instance, the fuzzy set ‘hot place’ (a linguistic value) is defined over the
linguistic variable temperature. Further linguistic values can be defined over the
linguistic variable ‘temperature’, such as ‘cold place’ or ‘mild place’, with their
corresponding membership functions. The most common shapes of membership
function are triangular, trapezoidal, gaussian, bell and sigmoid functions.This
section introduces the main concepts, syntax and semantics of Fuzzy Logic and
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Cold Mild Hot
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w(z)

Fig.1. Example of the trapezoidal membership functions Cold(z), Mild(z), and
Hot(z) for the variable temperature

Temporal Logic on which the language specification language that we propose
is based.

Fuzzy Logic Operations Let X be a universe and A and B be fuzzy sets with
corresponding membership functions p4(z) and pp(z). The complement, union,
and the intersection of fuzzy sets over X can be defined as:

A déf{(:r,lfpm(m)) | z € X}
AUB% (z,mazlpa(z), pp(x)]) | v € X}
AnBY (z,minlpa(z), ps(z)]) | z € X}

When the operands of a binary operation are in different spaces, e.g., B is
defined over a distinct universe Y, the resulting set is defined over the product
space X x Y. Given a fuzzy set A defined by a membership function pa(x)
over X, the cylindrical extension of A by Y, represented as Axyy transforms
A into a fuzzy set over the product space X x Y with a membership function
pa(z,y) = pa(x), Y(z,y) € X XY, defined as:

Axxy © {(2,y,pa(2)) | (w,y) € X x Y}

The dual of the extension operator is the fuzzy projection. The projection of
a fuzzy set A defined over X x Y is a fuzzy subset of X denoted ITx (A) defined
as:
x(A) = {(x, sug(uA(w,y))) | (z,y) € X x Y}

S

Mutatis mutandis for ITy (A).

Fuzzy Inference Fuzzy inference rests on fuzzy rules and on the implication
operator. Given linguistic values A and B defined over linguistic variables X
and Y, a fuzzy implication, A — B, takes the from “IF x is A THEN y is B”.
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A fuzzy implication denotes a fuzzy set defined over the product space X x Y
with a two-dimensional membership function pa_g(z,y) = f(pa(z), us(y)),
that combines the membership functions of the sets A and B, known as fuzzy
implication function [25,21]. From the implication A — B, one can infer that
proposition B (the consequent) holds whenever A (the antecedent) holds.
Fuzzy modus ponens [59], which generalizes classical modus ponens, is the
inference mechanism used in fuzzy control. Let A and A’ be fuzzy sets over X, B
a fuzzy set over Y, and A — B defined over X x Y with a membership function
ta—p(z,y), the application of the fuzzy modus ponens, is a scheme:

Rule: A— B
Fact: A’
Conclusion: B’

where the conclusion B’ is inferred by computing the degree of overlap between
A’ and A, and then projecting this value according to the strength of the causal
link® from A to B. Formally, it is defined as B’ = IIy(A%,y N (A — B))
or, equivalently, up/(y) = Iy (A, y N (A — B))(y) simplifies to pp (y) =

sup (minfpar (), pasp(,y)]).

Fuzzy Control Fuzzy control systems are characterized by a set of fuzzy
rules, where the antecedent is a fuzzy condition and the consequent is a con-
trol action. Let X7,...X,, and Y be universes. A fuzzy system is a structure
&= {({X1,....,Xn},Y,R) where R is a set of rules in the form:

Ri: 1F ' is A} AND ... AND z" is A THEN y is C;

where Ag , for 1 < j < n, denotes a fuzzy set over the universe X; and C; a fuzzy
set over Y.

The first step in fuzzy control is to take the crisp inputs and determine the
degree to which these inputs belong to appropriate fuzzy sets Af,..., A, . Each
rule R; is then evaluated with the fuzzified inputs, and its value w; is propagated
through the fuzzy implication function to determine the consequent C! (a variant
of C;) computed as pcr(y) = T(par (1), s prar (zn)) — pic, (y). The values of
the consequents are then aggregateci into a single fuzzy set C' with membership
function pcr(w) = agg{pc; (w1), ..., pc: (wy)}. Finally, the resulting set is then
defuzzified, i.e., converted into a crisp value to be assigned to a control variable.
An abundance of aggregation and defuzzification functions have been proposed
in literature [25].

2.2 Linear Temporal Logic

Classical propositional logic does not allow reasoning about time. To solve this
issue, temporal logic introduces modalities referring to time, inspired by the

5 In a sense, this follows the classical modus ponens where the conclusion is obtained
from the expression A A (A — B).
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traditional modalities of truth. In this paper, we use Linear Temporal Logic
(LTL) with the past to represent the time flow since it fits the behaviour of
control systems. The common interpretation of LTL formulas is a linear path
of states, where each state corresponds to an observation of the system in a
certain instant ¢. A path is represented as m = sg, S1,...,S,, Where s; is the
state observed in the system at the instant ¢, 0 <t < n.

Let T stand for true, p be an atomic proposition, = and A be the boolean
operators for negation and conjunction respectively, & and U be the temporal
operators next and until, a LTL formula ¢ is defined by the following grammar:

pu=T |p|-w|leiNhp2| @ | prldps.

Other classic boolean connectors, such as V, = and <, and TL operators can
be derived from the previous definition [46]. In this paper, we use L (false), op
(eventually), Op (always) and p1Rps (p1 releases p2) to abbreviate =T, TUp,
—(TU—) and —(—p1U—ps), respectively.

Let ¢ be a LTL formula, 7 = sg, s1,...,5, a path, and s; a state observed
in the path 7 at instant 7. We say that ¢ is valid for the state s; of the path 7
(with ¢ < n, where n is the length of ) writing s; = ¢ iff:

siEp iff pes;

si E e iff s, ¥ ¢

si =1\ p2 iff si =1 A si = g2

siE®p iff sisifEe, i+1<n

si = p1ildpe iff 3x(k > 1) such that sk = w2 Asi = @1

where s; = @ ¢ means that ¢ holds in the next state to be observed in the path
and s; = @1Ups means that 1 holds from now and while s; = @9 holds.

Fuzzy Linear Temporal Logic As previously mentioned, fuzzy logic facili-
tates the definition of fuzzy statements such as “partially opened” or “completely
opened”. However, it does not assist in reasoning over time. Thus, we cannot
conclude that a door has been opened during a period of time or until a specific
time event.

Only few attempts investigated the fuzzy version of temporal modalities
[17,16,36,47,30,20]. In most of the cases, fuzzy temporal logic is used to ex-
press uncertainty about the time in which some specific events may occur and
the temporal relationships among events and states. In [17] the authors define
the occurrence of an event as the possibility of its occurrence in any time interval
and use the degree an event overlaps another one to define temporal relations.
In [16] the author represents dates as a possibility distribution and use fuzzy
comparators to express relations between time instants. In [36] the authors use
a directed graph to define an order relation among fuzzified events and states.
In [47] and [30] the authors define a fuzzy operator for each classic temporal one
(e.g. always, until, etc.). This operator keeps the same semantics as its crisp coun-
terpart. Finally, in [20] the authors extend this approach but associate a truth
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degree to temporal expressions. In this paper, we follow a similar approach to
[47,30,20] but with a different fuzzy interpretation of temporal operators. The
new temporal semantics was defined to better fit control systems needs, reducing
the events and states needed to compute temporal expressions.

Let ¢ be a Fuzzy Linear Temporal Logic (FLTL) formula, 7 = s, s1,..., 8, a
path, and s; a state observed in the path 7 at instant ¢. The fuzzy interpretation
[[.]]s; in the state s; of LTL operators is a mapping to [0, 1] defined as follows:

Ix()l., = x([¢1)

[-¢l., =1 [yl

ler Aol = min([eal,, [#2].,)

ler V o], = max(feal,, [#2].,,)

[®«],, = lels, .,

[etds],, = maz(lpa],,, min(ll,,, [, )

where ¢, @1, and @y are valid formulas for the state s; of the path 7 (with ¢ < n,
where n is the length of 7), and x is a fuzzy qualifier.

3 Related Work

FLCs have been widely used in BA, as detailed in recent reviews [48,43]. Al-
though there is abundant literature on this subject, it is challenging to directly
translate an FLC to a different domain or environment since it directly depends
on expert knowledge. In fact, the design of an FLC requires more decisions than
usual, e.g., regarding the rule base, inference engine, defuzzification, and data
pre- and post-processing. Therefore, the simplification of this process and its
adaptation to the design of context-aware controllers will improve its usability.
A simple step is to use these contexts as building blocks of the control language,
instead of diving in a set of parameters.

The representation of the contexts, i.e., the cases to control, is one of the
contributions of this paper. A context is basically a model of humans’ perceptions
of the environment and is usually defined by information that is mostly subjective
and inconsistent. To take advantage of this concept, in [31] authors present a
study focused on the use of contexts both for the control as for the user interface
(UI) in hand-held devices. Specifically, this approach uses a set of predefined
contexts to design the FLC and studies how to represent these contexts in the UL
The experimental results showed that this strategy facilitates the development of
the application control and, furthermore, users also considered the UI adaptation
positive based on the control system. However, FLCs usually do not explicitly
represent the context of context-aware systems. This is the case in [14] where
thermal and visual comfort is managed by an FLC, or in [13] where authors
describe the design of a living space comfort regulator using fuzzy logic. In
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these papers, authors create a rule for each possible input linguistic variable
combination and to all possible actuator conditions, eliminating all rules that
can never apply. In general, most of the FLCs follow a similar approach [6,24]
and represent the contexts implicitly as a series of fuzzy conditions on the input
parameters of the system. However, the more rules and parameters, the more
difficult to identify contexts.

This drawback is even more obvious when adaptive or learning strategies are
applied to FLCs. In these systems, the objective is to automatically learn the
fuzzy rules and/or membership functions from the data collected in a period of
time. For instance, in [11], a life-long learning approach for intelligent agents
that are embedded in intelligent environments is presented. In [28], a genetic
algorithm is applied to shift the membership functions of the FLC properly in
order to satisfy the occupants’ preferences while minimizing energy consumption.
In [38], authors developed a context-aware music recommendation tool that uses
a Bayesian network to infer the contexts of the system. In [55], authors use
particle swarm optimization (PSO) to optimize the system, where FLCs are
applied to calculate the required power of the corresponding sub-systems. In
[61], authors also use PSO to derive the optimal ventilation rate, where fuzzy
logic is used to represent the relationship between the ventilation rate and the
corresponding power consumption. The former papers, besides not providing a
language to facilitate the definition of a context, have an additional drawback
since there is no guarantee that the derived rule antecedents represent a context.

The complexity of the environment also has an important effect on the con-
troller design. Some authors use multi-agent systems or hierarchical structures to
organize the controller. The objective of these approaches is to simplify the spec-
ification of complex controllers with a bottom-up strategy, where controllers in
the lower layers usually handle actuators while the upper-layer adapts the over-
all system behaviour. In [23], authors provide a self-adapting building control
system with two different levels of control. In [24], authors propose a hierar-
chical fuzzy genetic multi-embedded-agent architecture comprising a low-level
behaviour based reactive layer whose outputs are coordinated in a fuzzy way
according to deliberative plans. In [52], a hierarchical architecture controls mul-
tiple local FLC agents for achieving the maximum user comfort in two different
operation modes. However, the complex control structures presented in these pa-
pers have the inconvenience that conflicting objectives between different layers
are difficult to solve if contexts are not clearly identified.

It should be noticed that, from the designer perspective, these hierarchical
structures can be seen as a way to compose sub-contexts. Therefore, a language
with the ability to compose contexts will also simplify the specification of these
controllers, independently of the FLC architecture.

4 Framework Architecture

Schmidt and Van Laerhoven proposed a strategy to reduce the amount of data
provided by sensors separating logical from physical processing in context-aware
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Fig. 2. Conceptual framework stack organized into layers of successive refinement.
Aspects closer to the universe of discourse appear at the top, while aspects closer to
the solution appear at the bottom layers.

systems [42]. This idea was later adapted by Dey et al. to propose a conceptual
framework aiming at decoupling the application logic from context acquisition
and derivation [8]. In this paper, we propose a framework that follows these
guidelines and separates the application logic from context acquisition and infer-
ence (execution layer), enabling applications to interact with the other modules
of the system through an interface.

The proposed framework stack is depicted in Fig. 2. The stack is composed
of four layers, each one at a different level of abstraction, and where each layer
uses the capabilities of the layers below. The top layer, namely, the ontological
layer, is used to describe the context-aware system from the perspective of the
environmental conditions, the efficiency objectives, and the user wishes. The
linguistic layer formalizes these elements by means of the declarative language
described in Section 5 and is used to define each one of the contexts and scenarios
supported by the context-aware system. It is the main contribution of this paper
since it provides an additional layer of abstraction to simplify the definition of
context-aware fuzzy controllers. The next layer supports the execution semantics
of the declarative language. In this case, each scenario is mapped to a fuzzy rule,
while contexts are associated with the corresponding combination of variables
and membership functions. Finally, the last layer provides support for physical
devices.

It should be remarked that the proposed language can be viewed as a special-
ization of fuzzy logic to BA. Therefore, the architecture of the execution layer,
depicted in Fig. 3, is based on the typical architecture of FLCs. This model is
conceptually straightforward and consists of an input stage, a processing stage,
and an output stage. The input stage, the fuzzifier, maps sensor, or other in-
puts (such as switches, thermometer, and so on), to the appropriate membership
functions and truth values. In the processing stage, the inference engine invokes
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Fig. 3. Block diagram depicting the interaction of the fuzzy logic controller (left) with
the environment (right).

each appropriate rule and generates the corresponding results. Then it combines
the results of the rules. Finally, the output stage, the defuzzifier, converts the
combined result back into a specific control output value.

5 Context Description Language

Ideally, BA systems should gather as much information from sensors as possi-
ble to be transparent to the user, foreseeing user needs and avoiding prompting
the user for any input. In practice, however, obtaining relevant knowledge from
sensors has known limitations. Hence, the context must be inferred from a multi-
plicity of sensors, in a process know as data fusion [32], which integrates multiple
data and knowledge into a consistent, accurate, and useful representation.

In this section, we propose a language for the description of contexts based
on fuzzy logic and temporal logic. Specifically, a context is defined by combining
information from multiple inputs (sensors or other contexts) and represented by
a value between 0 and 1. Since sensors and actuators are very heterogeneous,
our model assumes the existence of sensor and actuator drivers that abstract the
specificities of the different types of sensors and actuators. The contexts defined
by this language will be used in the antecedents of the fuzzy rules and thus
determine the behaviour of the control system.

5.1 Syntax

Let ¢ € [0,1] be a constant, f : .S — [0,1] a function where s € S is a sensor,
r+(s) the reading of s at instant ¢, and let x : [0,1] — [0,1] be a continuous

11
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function. A context C is defined recursively by the following grammar, where C
and Cy are also contexts and b € [0,1] a bias factor:

C:u=c constant
| f(re(s)) function
| x(C) qualifier
| =C complement
| C1 A Co and
| C1V Co or
| Ci Ay Co combination
| tC raise transition
| 1 C fall transition
| 6C previous context
| CidCsy until

The application of f(r:(s)) represents the context resulting from the fuzzification
of reading 7, of sensor s fuzzified through f, and x(C) denotes the context
obtained from the application of a fuzzy qualifier to a context. In the present
work, we also use the notation “C IS x” as syntactic sugar of x(C'). The negation
operator represents the complement of a context. The logic operators ‘A’ and
‘V’ translate to fuzzy equivalents. The logic operator C; Ay Co combines two
contexts with a given bias factor b between 0 and 1. The raise operator ‘1 C”,
is a fuzzy-temporal operator that detects if the value of the parameter context
C has increased. Conversely, the fall operator ‘| C’ checks that the context has
fallen. In the proposed grammar, the next temporal operator is replaced by the
© which defines a context that holds in the previous time (controllers cannot
access to the future value of a context). Finally, the fuzzy until Cﬂj{C’g defines
a context that holds (in a fuzzy way) since the value of the first context C
argument holds until the value of the second one C5 holds.

5.2 Semantics

Let C, Cq, and C5 be contexts. The interpretation of a context formula in an
instant ¢ is a mapping [.], : C — [0, 1] defined as follows:
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[l def ¢
[fre(s)], = fr(s)
(O], = x([c1,)
[-C1, = 1],
[[Cl A 02]]t = min([[Cl]]t, [[02]]z)
[Cives], % max([Ci],, [Ca],)
[[T Oﬂt d:‘?f {([gcﬂt - [[Cﬂt—l Z}E[ZDL;Z;[[C]]t_l >0
[H/ Cﬂt def {gcﬂt—l - [[C]]t Z}E[ec;]ki—sé* HC]]t >0
[&c1, < [,
~ aef [ min(maz([C1],, [C1UCs],_,), 1 — [Cel,) if t >0
[owuc], = {mmwclut, 1-1Cal,) =0

It must be noticed that this language integrates the notion of time in the same
way as in linear temporal logic. Some of the operators reason over the sequence
past values of sensors and contexts to calculate its value. Therefore, given a path
7 of sensor readings (or past contexts), the value of a context C' at instant ¢ can
be obtained recursively from C.

5.3 Fuzzy Inference Process

Each scenario is composed by a set of aggregated fuzzy rules that define the
system’s behaviour. As aforementioned, fuzzy rules have the following structure:

IF antecedent THEN consequent.

where the antecedent part is a context. The consequent part is given by the
following grammar:

consequent ::= x(actuator)

where x is a qualifier in the universe of discourse of the actuator. Again, the
syntactic sugar “actuator IS x” stand for x(actuator).

The result (strength) of a rule is determined by the truth value of consequent
part. Specifically, inputs are mapped to the membership function of the premise,
returning a corresponding truth value. If this antecedent part is complex, the
overall value of the sub-antecedents and operators is calculated. In our approach,
A, V, and — are defined as Zadeh operators [60], that is, and represents the
intersection or minimum between the two sets (uanp = min[ua(x), up(x)]),
or the union or maximum between the two sets (paup = mazua(x), us(x)]),
while not represents the opposite set (a = [1 — pa(z)]). Finally, each rule

13
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Fig. 4. Illustration of centroid defuzzification using min-max inference method for three
rules relating the variables temperature and luminosity with a window actuator

strength is determined from the truth value of the antecedent part propagated
to the membership function of the consequent. This mechanism is depicted in
the upper part of Fig. 4. For instance, the evaluation of the first rule projects the
crisp values of temperature and luminosity to their corresponding membership
functions. Then the sub-antecedents are combined with the OR operator, and
the max value of these antecedents is projected to the consequent membership
function.

The last step is to transform the consequent parts since actuators only sup-
port crisp values. For example, Fig. 4 uses the centroid method, which returns
the centre of the area under the curve. However, we must remark that the pro-
posed language is not tied to any specific defuzzification method.

5.4 Implementation

Following a Model-Driven approach, we have implemented the language in Xtext.
Xtext is a modelling workbench for textual languages. This means that by spec-
ifying the grammar of the DSL (metamodel), we are able to take advantage of
Eclipse to generate an IDE dedicated to the DSL with syntax highlighting and
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Fig. 5. Graph view of the grammar - part 1.

code auto-completion features. When the modeller/programmer is specifying its
code in the DSL, the tool will check if the code is well-formed wrt the language’s
grammar.

Xtext is a plugin for Eclipse [45], making use of the Ecore Modelling Frame-
work (EMF) [29], where the languages are described in terms of the meta-
modelling language, Ecore. This brings the advantage of interoperability between
tools in the Eclipse ecosystem.

Once in a modelling framework, such as Eclipse EMF, model instances can
be manipulated with specific intent, such as simulation, code generation for the
controllers or even analysis of specific pertinent properties.

The specification of a language metamodel in Xtext can be done with an
EBNF grammar like language, or first with an Ecore model. In Fig. 5 and Fig. 6
we present a simplified visual representation of the grammar, or modelled lan-
guage, using Xtext. The complete grammar can be found in our companion
siteS.

In Fig. 8, we present a snapshot of our editor with an example of a model
instance of the case of the smart office presented in the next section. The use of
generation technology of Xtext allows the editor to offer the common features
of a modern programming environment such as syntax-highlight, syntax valida-
tion and suggestions, auto-completion. This set of features are usually seen as
usability enhancers for textual languages.

As aforementioned, our approach adds time modalities to fuzzy logic. How-
ever, these modalities are implemented using traditional fuzzy operators, and
thus can be interpreted directly by a fuzzy logic engine. Specifically, we followed
a Model-Driven approach that consists of (i) the definition of Model-to-model
direct and simple transformation rules, using ATL" transformation language,
and (i) Model-to-code generation, using Xpand template based approach®.

6 Validation

This work is validated through a Building Automation case study of a smart
office. The setup is a simplified example that conjoins the main aspects of Build-
ing Automation [12] and Home Automation [18] preserving feature-richness while

5 https://gitlab.citius.usc.es/juan.vidal/fuzzy-temporal-dsl
" https://www.eclipse.org/atl/
8 https://www.eclipse.org/modeling/m2t/?project=xpand
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Fig. 6. Graph view of the grammar - part 2.

avoiding tedious details of the actual setup developed in the scope of the Smart
Campus project [22]°

We start by defining the activity contexts using the syntax defined in Section
5.1 and corresponding scenarios using fuzzy inference rules. This example sce-
nario highlights the language’s expressiveness and the adequacy of its operators.
The specification will test the capability of a system to react correctly to varia-
tions of the environment inputs to drive the actuators. The results are obtained
using an emulator of the language semantics.

6.1 Case Study

Consider the smart office BA setup depicted in Fig. 9, with a desk, a support
table used for meetings, and the following sensors:

— Sdoor: A door sensor to automatically detect the people as they enter or leave
the room.

— Stabie: A pressure sensor to detect activity at the table.

— Sgesk: A pressure sensor to detect activity at the desk.

— Swin: Luminosity sensors inside the room, near the window.

— Swair: Luminosity sensors inside the room, near the inner wall.

— Sezt: A luminosity sensor placed in the exterior.

— Stime: A virtual time sensor to allow reasoning about time.

And three actuators:

9 https://cordis.europa.eu/project/rcn/191915/factsheet/en
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Fig. 7. Graph view of the grammar - part 3.

— Apiing: The blind curtains, used to control the amount of natural light.
— Ajym,: A luminary close to the window.
— Ajums,: A luminary near the inner wall.

The objective is to design an intelligent controller that adjusts the light level
in the room to balance the comfort following the occupants needs and, whenever
possible, save energy by dimming the lamps or switching them off when the
occupant is not in the room. To simplify the example, we will only describe one
of the control scenarios and only consider one person in the room.

6.2 Luminosity contexts

Luminosity sensors have their interval of response values. For example, an ex-
terior luminosity sensor may measure a value much higher than a sensor placed
inside the office. However, for the user, the perception inside the office may be

17
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Fig. 8. Generated Xtext editor with example related to smart office.

much higher than outside. This happens because the perception of the natu-
ral light by humans and sensors is different since the latter is also sensitive to
other wavelengths. Therefore a low-level context that normalizes these values
is required. Specifically, we created three contexts: Wallllluminated which rep-
resents the amount of light near the wall, NaturalLightInside which indicates
the natural light inside, and LightOutside which captures the amount of light
outside:

Wallllluminated = Trapezoid(Swau, 320,500, 2000, 2500)
NaturalLightInside = Trapezoid(Swin, 320,500, 2000, 2500)
LightOutside = Trapezoid(Seszt,800,3000, 5000, 7200)

(1)

In this case, we used a linear normalization function to convert the value of the
luminosity sensors to a normalized value between 0 and 1. For each luminosity
sensor, a minimum and maximum value have been specified where the minimum
value represents the degree of 0 of the context while the maximum corresponds
to the degree of 1. Please note that the constants used in the normalization
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Fig. 9. Illustration of the smart office setup. The office is equipped with six sensors
and three actuators orchestrated by a controller.

functions are particular of our case-study and are based on sensors characteristics
and the physical place where they are positioned.

Low-level contexts can also be used to define some models, i.e. predictions of
certain parameters to adjust the behaviour of the system according to them. In
this case study, we have defined two models that predict if there is daylight or
night at a certain point in time. Daylight and the Nightlight are represented in
Fig. 10(a) which uses a Gaussian function to fuzzify the timeline:

Daylight = Gaussian(Stime, 12,2.5)
Nightlight = Gaussian(Stime,0,2.5) V Gaussian(Stime, 24, 2.5)

As we can see in the following definitions, Day and Night high-level contexts
are defined from Daylight and Nightlight contexts:

Day = Daylight No.r LightOutside
Night = Nightlight No.e —LightOutside

We have also defined another high-level luminosity contexts to predict the
amount of luminosity in a given place inside the room. Like in the definition of
Day and Night, the values of the low-level luminosity contexts must be weighted,
in this case, to compensate for their respective placement:
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Fig. 10. Examples of membership functions used to (a) fuzzyfy the light measured by
external luminary sensors and (b) to better characterize the light intensity.
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Fig. 11. Examples of membership functions considered during the development of the
prototype to illustrate the fuzzy values that (a) blind and (b) internal luminary actu-
ators may take. These values are used in rules (1) to (5) of the described scenario.

Tablellluminated = Wallllluminated No.s NaturalLightInside
DesklIlluminated = NaturalLightInside No.a Wallllluminated
RoomIlluminated = NaturalLightInside No.s Wallllluminated

Finally, to qualify the degree of light we have defined three different fuzzy
context operators (see Fig. 10(b)):

Sufficient(C) = Sigmoid(C, 20, 0.55)
InSufficient(C) = Sigmoid(C, —20,0.45)
TooMuch(C) = Sigmoid(C, 40,0.8)

In this case study, we opted to choose the same definition of these operators for
all the contexts, although this is not usual in fuzzy control.
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6.3 Activity contexts

Three contexts determine when someone enters, leaves, or is in the room. Con-
trary to the luminosity contexts, here time is especially important. For instance,
the contexts Arriving and Leaving hold when the door has been opened. How-
ever, more complex situations, like to determine if someone is in the office, are
challenging to establish without the use of temporal logic. Precisely, this be-
haviour has been implemented applying the operator until to the contexts Ar-
riwing and Leaving:

Arriving = 1 Spoor A ﬂ(é InTheRoom)
Leaving = 7T Spoor A S InTheRoom
InTheRoom = 1 Arriving u 1 Leaving

We have also defined three different contexts to detect the activity inside the
office room. Contexts WorkingDesk and WorkingTable are a direct mapping of
the motion sensor placed near the support table and the presence sensor in the
desk chair, respectively, since both sensors returned a normalized value between
0 and 1. The third context captures the case in which the user is neither located
at the desk nor at the table:

WorkingDesk = Spesk
WorkingTable = Stabie
WalkingAround = —-WorkingDesk N —WorkingTable A
A InTheRoom

6.4 Scenarios

A set of fuzzy rules specifies the behaviour of the system and how it will react
according to the contexts present in the system. In this work, we defined six
different scenarios to model the behaviour of the system when someone (i) enters
or (ii) leaves the office, when the user is (iii) working at the desk or (iv) at table,
(v) when he is walking around, or when he needs some privacy. For reasons of
space, we will detail the rules that implement the fourth scenario:

if WorkingDesk A Sufficient(DeskIlluminated)

then Ajym, = FewLight (2)
if WorkingDesk A Sufficient(DeskIlluminated)

then Ajum, = NormalLight (3)
if WorkingDesk A Insufficient(DeskIlluminated)

then Ayym, = MuchLight (4)
if WorkingDesk A Insufficient(DeskIlluminated)

then Apjing = CompletelyOpened (5)

if WorkingDesk N TooMuch(DesklIlluminated)
then Apjina = PartiallyOpened (6)

21
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Fig. 12. The behaviour of Apiind, Aium,, and Ajym, actuators when (a) the cloud pass
and thus reduce the light in the office, and (b) when the person in the room starts
working at the desk and then leaves the office.

Rules (2) and (3) specify the behaviour of the luminaries when there is sufficient

light at the desk which will set the actuator Aj,m, to a low level of light and
the actuator Ajym, to a normal level of light. The rules (4) and (5) control the
behaviour of the actuators Ajym, and Aping when there is insufficient light at the
desk. In this case, Ajym, should be set to a high and Ap;ng should be completely
opened to allow the maximum amount of natural light inside. Finally, rule (6)
adjusts the curtains to avoid the excessive glare at the desk. The fuzzy operators
applied to the curtains and luminaries actuators are depicted in Fig. 11(a) and
Fig. 11(b), respectively.

6.5 Discussion

The previously described scenarios have been implemented and validated. Specif-
ically, for each scenario, we performed a ten-fold test validation to verify the
robustness of the rules. For instance, plots of Fig. 12 show the actuation of the
FLC in two different situations. In the first scenario, Fig. 12(a) represents how
the luminosity actuators react when some clouds appear in the sky. In this case,
the clouds reduce the amount of light inside the room triggering an increase of
the two luminaries inside the room, Ay, and Ajum,, at instant ¢ = 5. Notice
also that the curtains Ap;,q are also completely opened during this event to take
advantage of the maximum amount of light from the outside. Another example
is depicted in Fig. 12(b), which represents the behaviour of the actuators when
a person is working at the desk. Specifically, the FLC detects insufficient light at
instant ¢ = 2 (clouds are passing) and thus increases the luminosity of its three
actuators. This situation continues until £ = 8 when the light intensity increases
by resulting in too much light. At this moment, the FLC starts reducing light
intensity provided by the actuators.
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7 Usability Evaluation

We performed a quasi-experiment for comparing how practitioners can use the
proposed DSL in this paper. As comparison baseline, we use Simulink, from
MathWorks!?, a graphical programming environment for modelling, simulating
and analyzing multi-domain dynamical systems widely used for automatic con-
trol. We compared both languages with an experiment where the subjects had
to solve similar modelling challenges.

The experiment focused on the extent to which the different language con-
structs with fuzzy logic and temporal logic operators impact on the developer
experience. These tasks were monitored so that we could assess their success
and effort involved (measured in terms of time taken to complete). For the sake
of space, we make available the material used (questionnaires, slides, questions,
and other) and raw data in a companion website https://gitlab.citius.usc.
es/juan.vidal/fuzzy-temporal-dsl.

7.1 Goals

Generally, we are interested in assessing the usability and effectiveness of our
proposed DSL and Simulink in the context of specifying automated control chal-
lenges. We can describe our research goals using the Goal-Question-Metric [3]
template:

Our main goal (G1) is to analyze the effect of using the proposed DSL, for the
purpose of evaluation, with respect to the correctness with which a developer
specifies the control logic, from the viewpoint of researchers, in the context of an
experiment conducted at IST (Universidade de Lisboa) and Universidad Santiago
de Compostela.

The following questions that refine the goal to a more quantifiable way, re-
garding the usability of the proposed DSL, can be described as:

— (Q1) is the language easy to interpret?

Q2) is the language error prone?

Q3) are the language specifications easy to complete?

Q4) are the language specifications easy to evolve?

Q4) have the users a positive attitude towards the language?

(
(
(
(

— — — —

The independent variables are the Language type and the Question Type: in-
terpretation, where the user has to explain the semantics that can be perceived
from a given sentence (measured as if it is correct or incorrect); error identifi-
cation, like misplaced elements in the sentence (number of errors); complete,
where an incomplete sentence is provided, and the subject must fill in the missing
information for a particular purpose (completes everything or not); and evolve,
where a correct sentence is provided, but the subject is challenged to rework it
for a new purpose (measured with the grade ”correct” or "not”). The dependent
variables are the answers correction rate and the System Usability Scale (SUS)

10 http://mathworks.com
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score [5]. SUS is a simple test with ten questions regarding attitude with a Likert
Scale (five possible answers ranging from Strongly agree to Strongly disagree)
that gives a global view of subjective assessments of usability.

For each of our high-level goals, we define the null (Hy) and alternative (H;)
hypotheses. Similar hypotheses can be written for contrasting the DSL with
Simulink in terms of their effect on correctness and perceived usability of the
languages.

Hocorrectness: Using DSL rather than Simulink does not influence the success-
ful completion of the task correctness.

Hicorrectness: Using DSL rather than Simulink the successful completion of
the task correctness.

Housabitity: Using DSL rather than Simulink does not influence the perceived
usability of the use of the language.

Hivusavitity: Using DSL rather than Simulink influences the perceived usabil-
ity of the use of the language.

How to assess correctness? The proposed eight challenges have a “gold stan-
dard” solution defined in both languages, with which we compare the answers
provided by our participants. The correctness is measured in terms of their preci-
sion as follows: the percentage of model elements and relationships in the model
built by the participant that correctly address the challenge (even if the partici-
pant chose alternative ways to answer compared to the “gold standard”, as long
as they are considered correct.

High values of precision support the claim for higher correctness, with 0%
representing totally incorrect and 100% totally correct models.

How to assess the perceived usability? We assess the perceived usability
through a SUS questionnaire which provides a SUS score from 0 to 100, with an
average value of 68 [5]. Higher values support the claim for better usability.

7.2 Subjects

The experiment was replicated in two sites: IST (Universidade de Lisboa), and
Universidad de Santiago de Compostela. The ten selected participants in this
study were aged between 19 and 47 years old researchers (three postdocs, one
PhD student and two MSc) with a background ranging from Physics, Electronics,
and Software Engineers, and a group of BSc. students in Telecommunications and
Computer engineering. Two subjects declared to have had previous experience
with Simulink, where one declared experience with BA Systems or alike, and
four (including those two) declared to have used modelling and simulation tools
for control systems specification. Initially the group of subjects was composed
by fifteen elements, however, during the execution of the experiment, we realized
that 5 of them were constrained in the time, which increased the stress level and
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lead to incomplete answers. Therefore the data related to these elements were
not considered; however, it is detailed in the raw data available at our companion
site https://gitlab.citius.usc.es/juan.vidal/fuzzy-temporal-dsl.

We used convenience sampling to recruit our participants on both sites. Each
participant was randomly assigned to one of two groups (called A and B), keeping
a balanced sample on each of the two groups. The purpose of this separation
was to remove a possible bias of using the languages in just one particular order.
This way, group A will perform the tasks of one language an then the other,
while group B will do the reverse.

7.3 Process

We have designed the experiment in the following way. Before starting, each
participant signed a letter of consent and filled in a questionnaire, so that we
record information about our participants’ age, academic level, previous experi-
ence with Control engineering and, in particular, with each of the two analyzed
languages. Following that, a short tutorial on both languages was presented.
The subjects were grouped randomly in two groups A and B. The experiment
proceeded in pen and paper. After these preparatory tasks, the experiment itself
started. During the whole session, the time taken to answer each question was
logged. Furthermore, the participants had no time limit to finish their tasks, but
our pilot sessions pointed to a duration of no more than 20 minutes to perform
the given set of eight tasks.

Finally, the subjects answered to a SUS test, so that we could contrast their
opinion on the usability of our proposed DSL and of Simulink.

7.4 Tasks

As mentioned before the chosen research instrument to assess the tasks per-
formed by the subjects was a test in pen and paper with free response (to
remove any usability interference of the IDE or tooling environments). We have
inserted two questions per following groups: i) Reading/Interpretation Question;
ii) Identify Errors; iii) Challenges - use language to solve question; and, iv) Evo-
lution/change existing expression. The aim was to look at the correctness, that
we regard as effectiveness, of using both languages in these mentioned tasks.
All eight questions involved the concepts of fuzzy classifiers and fuzzy-temporal
operators.

The learning material was available to the subjects at all time, in case any
question regarding the syntax of both languages could arise.

An example of the Simulink models used in this usability study is depicted in
Fig. 131, Specifically, this model represents the context inTheRoom previously
described in Section 6.3, thus only a part of a controller. This context is defined
with the "until” operator and holds from the moment someone comes in the

11 More models, including complete controllers are available in the experiments memory
at https://gitlab.citius.usc.es/juan.vidal/fuzzy-temporal-dsl
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Fig. 13. Representation in Simulink of the context inTheRoom defined in Section 6.3

room until he comes out. As can be seen, the model is quite complex and has
two different parts. The upper part models the raise operator identifying, by
means of an if-then-else block, when the signal that comes from the door sensor
increases. Thus, this block receives the signal, and the signal delayed one-time
unit (27! block). This result is merged and constitutes one of the inputs of the
lower part of the diagram. This part of the model defines the Arriving context
and the Leaving context, and then use their signals as the input of the several
blocks that are combined to simulate the until operator.

7.5 Discussion

The data collected during the experiment sessions was analyzed using manual
data collection. Concerning the descriptive statistics, we collected the following
ones, adjusting the actual set of descriptive statistics to the scale type (ordinal,
and ratio) of each variable: the number of cases, mean, median, mode, standard
deviation, skewness, kurtosis, the p-value of the Shapiro-Wilk normality test.
After this, we used the Welch t-test (which is a more robust alternative to the
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t-test [53]) to compare the distributions of correctness and usability obtained
with the proposed DSL ws. Simulink.

Correctness The data concerning correctness was collected through inspection
of the solutions produced by the participants during our study. This implied
a qualitative assessment of the solutions in a similar process to grading, in an
academic context. We have then computed descriptive statistics, as in table 1, for
the collected metrics as summarized in table 3 and test for significant differences
between the level of correctness achieved with each language.

Perceived usability As planned, we assessed usability through a SUS test. The
SUS instrument was available in a pen and paper questionnaire. The result of the
comparative analysis of the distributions of the usability scores is summarized
in Tablel.

Table 1. Descriptive statistics

Language N Mean Std. Deviation Skewness Kurtosis Shapiro-Wilk

Corr. DSL 10 82.50 10.90 0.38 0.32 0.60
Corr. Simulink 10 45.00 15.81 1.32 2.47 0.22
SUS  DSL 10 75.25 14.00 -0.90 0.38 0.46
SUS  Simulink 10 31.00 8.00 0.05 -0.05 0.99

As observed in Table 1, the SUS score is higher in the proposed DSL in
comparison to Simulink. Besides, knowing that [5] if the score is over 68, then
the probability of having satisfaction concerning the usability of the language is
high.

Our participants, except for two cases, could not complete all the requested
tasks in Simulink. On the other hand, the complete opposite situation occurs for
the proposed DSL, where we could observe that there is only one case of quitting
one particular task.

Table 2. Welch’s t-test scores

DSL Simulink Difference 95% Dif. 95% Dif. ¢ df povalue
mean mean CI Lower CI Upper b-
Corr.  0.825 0.45 37.50 0.25 0.50 6.17 16 0.00
SUS 0.820 0.45 44.25 33.30 55.20 8.67 14 0.00

From Table 2, the two-tailed P value is less than 0.0001, which, by conven-
tional criteria, is considered to be extremely statistically significant. Therefore,

27



28 Juan C. Vidal, Paulo Carreira, Vasco Amaral et al.

Table 3. Results of usability tests

Correct Answer (%)

Question DSL Simulink
1. Describe in words the presented context rules. 90 60
2. Mark code expressing case. 100 65
3. Identify errors in the model, first case. 45 25
4. Identify errors in the code, second case. 70 20
5. Complete the model, first case. 100 65
6. Complete the model, first case. 100 75
7. Evolve existing expression, first case. 65 25
8. Evolve existing expression, second case. 90 25

100
I
o

SUS score
Percentage of correct answers
60
I
o

H]
0

T T T T
DSL Simulink DSL Simulink

(a) SUS distribution (b) Rate distribution of correct answers

Fig. 14. The DSL performs better in terms of usability and correct answer rate than
Simulink.

it can be confirmed the correctness of the DSL over Simulink as well as of its
Usability.

A possible explanation for the obtained SUS and correct answer rate dis-
tributions depicted in Fig. 14(a) and Fig. 14(b) is the likelihood that Simulink
needs much more time for training than the DSL that has domain notations
more close to the way of thinking of the user being, therefore, self-descriptive.
Further experiments should be done to confirms this fact.

7.6 Threats to validity

As in any empirical study, it is common to identify potential validity threats
[54]. In this case, we consider that the population selection is a threat, as, due
to resource constraints, all the participants of the usability experiments were
members of the academy. Further research is required to access the DSL with
practitioners in control engineering. Also, due to the reduced availability of the
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participants, the experiments were reduced to eight tasks of varying complexity.
While those tasks were selected for being representative of the four categories, it
would be interesting to increment the external validity with replications of the
evaluation presented here.

8 Conclusions and Future Work

Specifying the behaviour of a BAS traditionally requires a great deal of tech-
nical knowledge, mainly when the output depends continuously on the inputs.
Besides, behaviour specifications are usually embedded in the hardware of propri-
etary systems, forcing developers to use the manufacturer’s tools and languages.
Moreover, these languages and tools do not often take into account the continu-
ous actuation according to the sensor inputs. To tackle these issues, we proposed
a high-level declarative language that enables the automatic generation of BA
controllers. Our language draws on aspects of fuzzy logic and temporal logic to
specify each component of the controller.

The proposed language is used to define each of the components of a BAS
controller (Sensors, Contexts, Scenarios and Actuators). The Sensors and Ac-
tuators are an abstraction of the corresponding physical devices, which are used
in the specification of the behaviour. The Conterts component represents an
abstraction of a high-level notion defined by the end-user, while the Scenarios
component aggregates a set of related rules that will define the value to be set
on the actuators in run-time.

We envisioned a high-level specification of the behaviour of the system through
a straightforward way of specifying fuzzy contexts and fuzzy rules that associate
scenarios with contexts. An essential aspect of our approach is enabling reason-
ing about past events. To that end, we defined the semantics of the temporal
logic Until operator to fuzzy propositions. The fuzzy logic allows the user to
specify contexts and rules in a high-level form as well as to deal with the contin-
uous variation of the actuation according to the input sensors, while the usage
of the temporal logic permits the reasoning about temporal aspects.

Finally, as proof of concept, we illustrate our framework and language with a
real case scenario that highlights distinct aspects of our proposal. As described
in this practical validation, the proposed language simplifies the development of
BA controllers. In fact, this language provides a higher level of abstraction to
developers that can define their controllers in terms of contexts and scenarios
instead of using the control constructs of a programming language. These re-
sults validate the adequacy of fuzzy logic as an inference mechanism similar to
human reasoning and thus that models are easier to understand and update. To
complement our validation, we held an experiment with subjects that confirms
that users of our language could use it with effectiveness (regarding correct-
ness in tasks such as interpretation, identification of errors, problem-solving and
evolution) and usability. As a comparison baseline, we used Simulink.

As future work, despite the positive results concerning usability, as in any
DSL life-cycle, languages evolve. In fact, it is typical to incorporate extensions
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after the user’s feedback in an iterative fashion. In this respect, our proposed DSL
would benefit from its usage with new real-world case studies, perhaps outside
the scope of BA. As already mentioned before, it will be interesting to hold
more experimental studies with more subjects. In addition, we also identified a
number of possible expressiveness improvements such as (i) the introduction of
a structural quantifier to enable reasoning of structural aspects of the facility
and the relative positioning of sensors, and (ii) encapsulation features to support
larger scale specifications.
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