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Abstract. Sustainability is one of the main goals to pursue in several aspects of everyday life; the recent energy shortage and
the price raise worsen this problem, especially in the management of energy in buildings. As the Internet of Things (IoT)
is an assessed computing paradigm able to capture meaningful data from the field and send them to cloud infrastructures,
other approaches are also enabled, namely model-based approaches. These methods can be used to predict functional and non-
functional properties of Building Energy Management Systems (BEMS) before setting up them. This paper aims at bridging the
gap between model-based approaches and physical realizations of sensing and small computing devices. Through an integrated
approach, able to exploit the power of different dialects of Petri Nets, this paper proposes a methodology for the early evaluation
of BEMS properties as well as the automatic generation of IoT controllers.

Keywords: Input-output Petri nets, model driven engineering, quantitative evaluation, fluid stochastic Petri nets, building energy
management system

1. Introduction

Guaranteeing sustainability in buildings, transportations, and food industries for the ten billion humans who
are expected in the 2080s is one of the greatest challenges of the next years [29]. The present work focuses on
buildings, which have a dedicated point in the United Nations (UN) 2030 agenda, i.e., the 11-th, Sustainable Cities
and Communities. Such agenda considers among its aims the following target: [11.3] By 2030, enhance inclusive
and sustainable urbanization and capacity for participatory, integrated and sustainable human settlement planning
and management in all countries [30].

To accomplish these goals, international organizations are rolling out funding ambitious research programs to
start public-private research projects which should propose proper technologies. An example is constituted by Pillar
IT of the European Union (EU)’s Horizon Europe programme, titled “Global Challenges and European Industrial
Competitiveness”. The 5-th cluster of such pillar is dedicated to Climate, Energy and Mobility, considering in
one of the last calls, the following challenges: Efficient, sustainable and inclusive energy use (explicitly addressed
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building-oriented topics), Demand response in energy-efficient residential buildings, Renewable-intensive, energy
positive homes, and Smarter buildings for better energy performance.

The one of Building Energy Management System (BEMS) represents an emerging and promising set of method-
ologies, techniques, and technologies to solve the sustainability problems of buildings. BEMS aims to pursue the
lowest energy consumption during the building lifecycle: this is an important objective considering the amount of
time everyone spends within buildings, and the consequent energy consumption. This importance dramatically grew
up during these last years when COVID-19 pandemic reshaped our relationships with houses, schools, offices, and
other buildings.

While Building Automation Systems (BASs) can be considered as a building-oriented Supervisory Control And
Data Acquisition (SCADA) systems, BEMSs are more similar to energy supervisors and can use BASs to ensure
energy sustainability. To build this controlling infrastructure and to take proper decisions on the energy flows inside
a building, a dense network of sensors is necessary: Internet Of Things (IoT) is an enabling technology that needs
custom devices programmed with ad-hoc software.

One of the challenges this paper addresses, is related to software engineering in BEMSs. As these systems are
complex, made of heterogeneous interacting parts, there is a considerable demand for methodologies able to con-
jugate the traditional engineering processes of the energy industry with the complexity of computer-based sensors
and data-driven approaches. Furthermore, to tame the great number of involved sensors, and the dynamism of the
possible situations BEMSs could deal with, model-based approaches can summarize the meaningful aspects of the
systems into models. Such models are then used to predict in advance the impact of considered counteractions on
the real system.

This paper proposes a model-driven methodology to pursue the following objectives:

to define an energy model for buildings to be dynamically generated and analysed by BEMS;
to define model transformations from high-level plants of a building to the energy model,;

to generate C code from the model to be uploaded to IoT devices;

to consider the effects of the data acquired by the system on the model itself.

Model-to-Model (M2M) transformations should be then defined to guarantee the automatic generation of model
artifacts from others, while Model-to-Text (M2T) transformations are used to generate code from models. To these
aims, the well-known formalisms of Petri Nets (PNs) and their dialects are used. In particular: Fluid Stochastic
Petri Nets (FSPNs) are an extension of PNs that can model continuous variables by fluid places [14], Input-Output
Place-Transition Petri Nets (IOPTPNs) are instead an extension oriented to embedded systems, supported by a
toolset including code generators [13]. The present work combines the unique features of both the PN dialects into
a unified methodology oriented to early features evaluation and code generation.

This work constitutes an original extension of an already published work [10]. Regarding the cited paper and to
the state of the art, the original contributions of this paper are:

1. the definition of an overall model able to take into account the interactions of users, devices, building structures
and energy control logic;

2. the definition of a methodology, applicable during the design phase (by using high-level modelling) as well as
during the realization and deployment phase (using code generation techniques);

3. the combination of model-based and data-driven methods to improve the quality of resulting models.

The rest of the paper is organized as follows: Section 2 demonstrates the originality of the paper by reviewing
the state-of-the-art; Section 3 presents the approach from a high-level perspective; Section 4 describes the models
used in the paper and frames them into the presented approach. Section 5 shows the feasibility of the approach by
an example. Section 6 ends the paper, presenting future work and open research challenges.

2. Related work

In this section, both a review of the related scientific papers (in Section 2.1) and some basic information on FSPNs
(Section 2.2) are reported.
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Table 1
BEMS function and relative frequencies

Function Relative frequency
Monitor 10.53%
Estimate 5.26%
Predict 9.47%
Control 14.74%
Manage 16.84%
Analyse 14.74%
Optimize 9.47%

2.1. Review of the scientific literature

BEMS received significant attention from the scientific community. Authors in [1] made in 2021 a systematic
review of the scientific literature on BEMS; this paper detects some functions that are attributed to BEMS: the
functions and the relative frequencies are in Table 1.!

From these papers, the authors extract several lessons learned and future research challenges. Among the others,
they are worth mentioning: simulation models are useful to monitor and predict energy demand, IoT can be suc-
cessfully used to collect energy usage, there is a need to enhance the estimation and prediction related BEMS since
they have achieved the least energy saving rates with about 10%; control or optimize related ones perform better.

Another interesting perspective on the research on BEMS is reported in [26]. This document is one of the results of
the SmartBuilt4EU project” that surveys several EU-level public funded projects researching on the next-generation
BEMS. In addition, SmartBuilt4EU is strongly related to the last developments of the Smart Readiness Indicator
(SRI), i.e., a common EU scheme introduced in 2018 in the European Energy Performance of Buildings Directive
(EPBD) for rating the smart readiness of buildings [28]. The SRI usually refers to seven “impact criteria” (e.g.,
Energy Efficiency; Health, Well-Being and Accessibility; Energy Flexibility and Storage) and seven “domains”
(e.g., heating, lighting, electricity, electric vehicle charging). According to this document, the projects mainly related
to the theme of this paper are:

BIM2TWIN - Digital twin platform for efficient construction management, related to the construction of a

platform for the definition of a Digital Twin (DT) of a smart building (https://bim2twin.eu/);

BIM4REN - Building Information Modelling based tools & technologies for fast and efficient renovation of

residential buildings, which puts the usage of Building Information Modellings (BIMs) at the centre of an

approach for the definition of smart buildings (https://bim4ren.eu/);

— EPCA4SES - EPC based Digital Building Twins for Smart Energy Systems, where model-based prediction
applications are implemented from real data (https://epc4ses.eu/);

— Sim4Blocks — Simulation Supported Real Time Energy Management in Building Blocks, where optimiza-

tion software prototypes and interfaces for flexible operations of BEMSs are developed and tested (https://

sim4blocks.eu/).

As the present paper is centred on the usage of modelling approaches for the evaluation, monitoring and prediction
in BEMS, other papers are reviewed, according to their relevance regarding the presented one. Fanti et al. propose a
PN model for BEMS control [6]; the model is then improved by proposing a First Order Hybrid Petri Net (FOHPN)
model in [7]. In [24], a State Machine (SM) model is proposed for control. PNs are also used to find failures in smart
grids [5]. In [21], a simulation conceptual framework is defined to support different above-mentioned phases, from
evaluation to analysis. An optimization approach based on soft computing techniques is proposed in [23]. Other
papers — considering evolutionary computing techniques in the optimization of energy management in the home
and smart grid domains — are [8,33].

1Other three mentioned functions — measure, supply, audit — are mentioned in [1] but not fully considered in the cited paper.
2https://smzmbuilt4eu.eu/ ?jet_download=3328
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Many simulation tools, which analyze energy consumption, have been developed. In [16] the authors describe a
framework for the interaction of common home devices and appliances to control and monitor energy consumption.
The tool shows the estimated consumption to the customer with the related costs allowing him/her to adopt a better
strategy for energy and cost reductions. Choosing an optimal energy consumption policy can also be pursued by
transferring this responsibility to a device within a Smart Home. GridLab-D? and EnergyPlus [31] are two existing
tools, which examine the energy consumption with the focus on heat generation and thermal load of a building,
considered as the main energy-consuming activity. The Smart Home Simulator introduces the capability to model a
smart home configuration, to set the energy workloads and to allow monitoring such home appliances [2].

Other approaches tackled with model-based methods to evaluate energy consumption properties in other hybrid
systems: in [22], the authors use PNs in combination with fuzzy logic to model and evaluate the energy profiles
of hybrid electric vehicles; the authors in [27] approach to the modelling and the evaluation of prosumer-based
microgrids be means of PNs. In both the papers, there is no usage of a PN dialect enabling and easy modelling of
hybrid systems while the focus is set on the control.

This review of the scientifically relevant papers confirms the originality of the contributions of the present paper:

— even if some approaches are present in the literature, modelling BEMSs and energy related systems by means
of PN, this paper is original in approaching the problem by (a) tackling with a global model taking into account
different elements from users to the building, (b) using a formalism specific for hybrid systems (i.e., FSPNs);

— the existing approaches do not claim to define a model-driven methodology supporting since the early phases
and all along a system lifecycle;

— there is a general separation in the literature between model-based and data-driven approaches while this paper
introduces some elements linking these aspects together.

2.2. The FSPN formalism

FSPNs are a type of mathematical formalism used to represent and analyse systems that involve concurrent
processes and the flow of fluid resources. It is an extension of the traditional PNs, mainly used for discrete event
systems. In a PN, the basic elements are places, which represent resources or states, and transitions, which represent
processes or events that consume or produce resources. The flow of resources between places is represented by
arcs, which connect the places to transitions. In addition to these elements, the FSPN formalism also includes fluid
places, used to model continuous variables, and fluid arcs, used to change such quantities continuously in time.

FSPNs can be used to understand how a system behaves under different conditions and to identify bottlenecks
or other issues that may impact the performance of the system also in the presence of random or probabilistic
behaviour. Transitions in FSPNs are associated with probability distributions, which describe the likelihood of
a transition occurring at a given time. This allows for the modelling of systems with uncertain or unpredictable
behaviour, such as those involving queues or delays. The presence of fluid places and arcs allows FSPNs to model
hybrid systems with both discrete and continuous variables in a more natural way with respect to simpler formalisms
as PNs and Markov Chains (MCs).

3. The proposed approach

This section aims at presenting the overall approach. The objective is pursued first by defining a reference archi-
tecture taken from the literature and enriching it with original elements (see Section 3.1). Then, in Section 3.2, it is
suggested how the latter architecture can impact the development of the software of the BEMS.

3.1. A BEMS reference architecture

This subsection wants to summarize the main contributions present in the literature through a BEMS reference
software architecture. This architecture is a synthesis, made in this paper, on the base of the Building Energy Man-
agement Open Source Software (BEMOSS) initiative, described in [18]. The architecture is depicted in Fig. 1.

3 https://gridlab.org/
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Fig. 1. A BEMS reference architecture.

The architecture considers four layers: User Interface, Application & Data Management, Operating System &
Framework, and Connectivity layer communication with each other directly and through shared databases. Some
functions provided by these layers are: Alarm Notification, Load Management, Price-based Management, Authen-
tication, Resource Management, etc. About shared data, there are: (1) a Database, containing user-level information
as User profile, Device UI Device Information, etc.; (2) a Time Series Repository (SMAP) containing time series
of monitored variables, e.g., temperature, real-time pricing, etc; (3) cloud-related sources of data, e.g., weather
forecasting, energy prices, etc. All the layers and the provided functions work in different domains, e.g., heating,
lighting, electricity, and electric vehicle charging.

For simplicity, this paper focuses on Price-based Management: this notwithstanding, BEMS-related function may
be not the only one involved in the process. As a consequence of this hypothesis, Price-based Management leads
the System Designer to the workflow, as it is described in Section 3.2. Other scenarios are possible, according to the
specific index chosen to match/optimize: a further discussion is reported in Section 6.

On the base of this reference architecture, Fig. 2 depicts the proposed approach considering actors and high-level
artefacts.

The actors are: the Price-based Management function of the BEMS; the Device, which continuously senses the
variables to monitor, both physical (e.g., energy consumption, temperature), and immaterial (e.g., energy price);
the User, who lives/works in the building; and the System Designer, who has the objective of building a BEMS
respecting the required features. For what concerns the high-level artefacts, they are: the Control Strategy, which
is the business rule determining how the involved function (Price-based Management, in this case) reacts to the
changes in both the usage of the building and in the market conditions; the Device Software, controlling the logic
of sensing and communication from the device to the upper layers of the BEMS; the BIM model, describing not
only the physical structure of the rooms of the buildings, but also the locations of the sensing devices and the
actuators (e.g., Heating, Ventilation and Air Conditioning (HVAC) pumps); the SMAP repository, containing both
the data concerning the user (i.e., the User Profile) and the variable evolution series, captured by the sensing devices.
Furthermore, the approach introduced in this paper, adds some original elements.
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Fig. 2. A model-driven BEMS architecture.

Formal Models: there are four different PNs models in this approach. The User Model represents the behaviour
of the user and the habits reflected not only by his/her preferences but also by the usage patterns of building
appliances and facilities (i.e., the charging habit of the electrical vehicle and/or simply his/her presence in the
building during the winter period). The Building Model represents the actual consumption of energy of the
entire building/house and/or other meaningful variables (the amount of spent money, the temperature of the
rooms, etc.). The Device Model, representing in PNs the acquisition and communication logic of the devices
(i.e., how many samples per hour and if there is some alarm threshold on the monitored variable). The BEMS
model, summarizing the contributions of all the above-mentioned models and describing in PN the control
(price-based) strategy enacted by the BEMS.

Bim2Model: this tool is responsible of transforming the BIM model into the PN Building Model. Some details on
this mapping are provided in Section 4.2.

Log2Model: this tool takes in input the log of the usage information of the considered devices from the SMAP
dataset and generates from this the PN User Model, representing the user behaviour. To this aim, the model is
updated with actual information coming from the field. Details are in Section 4.1.

Strategy2Model: this tool translates the high-level control strategy adopted by the involved BEMS functions into
the PN BEMS Model. The details of the translation are given in Section 4.4.

Evaluator: since the models have the objective to quantitatively evaluate the fulfilment of the non-functional re-
quirements (e.g., on cost saving, energy consumption, user comfort) and/or to optimize the algorithms’ pa-
rameters according to the considered indices, a quantitative evaluation of the composed model is necessary.
External existing tools are available according to the specific PN dialects that are chosen; the solution tech-
niques and the solvers are discussed in Section 4.

Code Generator: this tool takes the control logic of the device, tuned after the evaluation phase, and generates
from this the source code of the software to run on the device. Details are in Section 4.3.
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3.2. The software life-cycle

In the framework of the above proposed approach, a design and development methodology is also suggested,
giving to the software engineer a practical tool for running the proposed methods. The reader should consider that
these activities are not strictly conducted during the design phase, drawing a separating line between a system’s
design and operation phase. This approach should be seen as a tool operating inside a broader evolutionary software
approach where software could be subject to modifications and improvements during the system operations. More
in the detail, such workflows can be described from three different perspectives:

— System Designer:

1. he/she is responsible for providing a BIM model;

2. the designer chooses some initial User Profile as well as Control Strategy, and Device Logic;

3. starting from these four different artefacts, the designer transforms them into the four parts of the Formal
Model;

4. an evaluation/optimization phase is run by the designer to find the fitting/the best solution regarding final
requirements;

5. once this phase is completed, a proper Control Strategy and a device logic are chosen. The logic is automat-
ically translated into C code to run on the device (the Device Software).

— User/Device:

6. once the building is ready for living in, the User uses available appliances populating the SMAP repository;
7. the sensing devices, by executing the code generated in the previous iteration, populates SMAP. The SMAP
is populated with time series describing the monitored variables.

— BEMS functions:

8. periodically, the BEMS re-evaluates the selected control strategy by selecting a new one and restarting the
process from point 3.

4. Technical details

This section is devoted to showing specific model structures and enabling techniques to build the tools defined
in Section 3. The specific language chosen to represent such models is the FSPN formalism, due to its ability to
manage discrete and continuous variables in the same graphical way.

Another important working hypothesis is made on the considered BEMS domain. For the simplicity, this paper
focuses on HVAC. Due to this choice, temperature is a sensitive variable for this model. In other cases, more complex
variables could be monitored as the basis of the calculation of the comfort indices — e.g., charging time in the electric
car charging processes.

4.1. User model

Before discussing the generation of the User Model from the data contained in the SMAP, let us make some con-
sideration on the data. According to our proposed architecture, as well as to the reference architecture of BEMOSS
reported in Section 3.1, both sensing devices and user activities populate the database. The first set of actors dumps
in the dataset the events related to the activation of the electrical appliances in the building (HVAC equipment in
this case). The second set of actors (i.e., the users) injects in the SMAP the events related to the presence of people
in the physical facilities. An excerpt of such event logs is reported in Listing 1. Valuable fields of the log are: the
timestamp, the kind of the event, the itemld that identifies the involved item (e.g., room, lightbulb, HVAC device),
the measure of the involved variable, and the id of the actor producing the log entry (the caseld).

The generation of the User Model from the logs contained in the SMAP is made by exploiting the well-known
technique of the Process Mining (PM) [32]. PM has demonstrated in more than a decade to be a versatile, math-
ematically well-founded, and industry-mature body of knowledge, techniques, and tools for the extraction of a
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Listing 1. Example of the SMAP event log.

timestamp ; event ; itemld; measure; caseld ;

210703 16:21:15; light on; L 03; - USR_01;
210703 16:21:18; win clos; W_02; - USR_01;
210703 16:21:12; hvac on; D_05; - USR_01;
210703 16:22:00; temp log; RM _01; 22.4; DEV_01;
210703 16:22:00; ener log; L 03; 110; DEV_02;
210703 16:22:00; ener log; D _05; 552; DEV_03;
210703 17:13:00; temp log; RM 01; 22.6; DEV_01;
210703 17:13:00; ener log; L 03; 120; DEV_02;
210703 17:13:00; ener log; D_05; 652; DEV_03;
210703 17:14:50; hvac off; D_05; - USR_01;
210703 17:15:00; win off; W _02; - USR_01;
210703 17:25:05; light off; L 03; - USR_01;

Pi Pi+1

switch_on

J
O
!

switch_off

Fig. 3. User model (from alpha miner).

int_switch_off

Fig. 4. User model (refined).

business process from event data. Among the PM algorithms proposed in the literature, the Prime Miner algorithm
has been chosen in this paper [3]. This algorithm is an evolution of the well-known Alpha Miner, overcoming some
limitations and generating a more compact model. The Prime Miner generates a PN model where the events are
transformed into transitions; Fig. 3 represents a generic situation present in the extracted model.

By analysing the event log, the Alpha Miner algorithm detects, as an example, the presence of two threads, one
switching on an electrical appliance (i.e., P;, P;+1 and switch_on), the other switching it off (i.e., P;, Pj11 and
switch off). The extracted model is then woven with specific ad-hoc PN model fragments to produce the PN
model as depicted in Fig. 4. More specifically, the switch on place is substituted by a more complex subnet with
the objective of flushing out the token from the of £ place, while the switch off one with a subnet with the aim



S. Marrone et al. / A Petri net oriented approach for advanced BEMS 219

BIM @ Tout Building Model
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XML
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Roon

Window :

HVAC

Lamp.

Fig. 5. The BIM model to building model mapping.

of putting just one token in the of £ place. To this aim, PN patterns can be used as described in [20].4

A brief discussion about the capture and the generation of the SMAP dataset is due: in PM approaches, the
presence of a caseld is needed to group together events that refer to a single system usage. In the considered
architecture, it is easy to suppose that devices are easy to be identified; as regards the users, it is reasonable to
suppose that many interactions may be done intermediated by some sort of smart devices (e.g., a simple application
running on a smartphone), allowing the users in interacting with the building in a simplified and secure way. On
the other hand, the authors are aware that the application of PM in Cyber-Physical Systems (CPSs) can be affected
by unavailability or by the partial availability of interaction session identifiers [34]. In this case, one of the most
widespread techniques is the application of methods able to label with a proper value of caseld those events where
such information is not present [9].

4.2. Building model

The Building Model is generated by the Bim2Model tool on the basis of the information and the data contained
in the BIM Model. The aim of the building model is to make explicit the relationships between the significant mon-
itored variables according to the physical environment. An example, related to the HVAC domain, is constituted by
the changes in the temperature of a room according to the natural ventilation, the shape of the room, the temperature
of the adjacent rooms, and all the other impacting causes. The details of the transformation are not formalized in
this paper, while Fig. 5 summarizes the mapping between BIM constructs and the FSPN elements.

On the left of the figure, an example tree of a BIM Model, represented by a high-level view of a eXtensible Markup
Language (XML) tree: the model represents a flat, having a room connected to the outside by a window. In Room
there are an HVAC equipment and a lamp. The FSPN model on the right represents the energy/temperature balance
of the considered building. In particular, for each room, a “temperature” fluid place is generated (respectively Tr
and Tourt). On the other hand, only one energy place is generated (Energy) representing the energy spent by users.
Three elements of the XML tree are translated into FSPN subnets.

4The necessity of using PN patterns comes from the intrinsic parallelism of the network generated by the Alpha Miner algorithm: as an
example, there could be more users, both of them switching off an appliance at the same time or there could be the case of an automated
mechanism trying to switch off a device already switched off.
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sending

wait

Fig. 6. Device model (basic).

— The Window is translated into a pair of transitions: Wosed transfers temperature from/to the Room in case the
window is closed. The transfer happens by using the function as in Eq. (1).

UcAAT AT >0
AT) = 1
fc(AT) io AT <0 )]

Such function computes the temperature transferred in the time unit according to the difference of the tem-
peratures of the two rooms. In particular, when AT is lower than zero, the transfer is null; otherwise, the
transfer is proportional to AT according to the transmittance coefficient Uc.? A similar case, in presence of
open windows, characterized by the fo function and by the Uy transmittance coefficient. A is the area of the
windows.

— The Lamp generates one transition (L), related to both the effects that the lamp has on the energy and the
temperature in the room. L transfers consumed energy to the Energy place according to a E(L) rate, and it
increases the value of Tg1, according to a transfer law of T (L).

— The HVAC equipment produces the most complex effects since, when on, such equipment can be set in different
modes (for the sake of simplicity, we consider just two different modes: cool and hot), each of those having
both energy and thermal effects. In the Cool case, Tg is lowered according to the T(H, C) rate — i.e., the
function 7', computed on the H HVAC in case of C (Cool). At the same time, this situation has also an energy
effect, represented by the flush arc from the Cool transition to the Energy place, with rate E(H, C).

Even if the presented mapping is very simple, it summarizes the main possible cases. Of course, other physical
variables could be added according to the national regulations and user preferences. It seems possible that the same
reasoning could be applied to variables as humidity, air pollution, presence of specific substances as CO», radon,
etc.

4.3. Device model

Regarding the Device Model, let us start from the general sensing-computation-communication pattern that char-
acterizes 1oT devices [36]. To this aim, we can imagine a library of possible behaviours that could be adapted to the
different specific sensor architectures. Figure 6 and Fig. 7 reports two of these behaviours.

More in the details, the PN model in Fig. 6 reports the very basic schema of a device in Idle that periodically
samples the monitored physical variable (by the firing of the period transition); at this point, if the sampled data
match the guard of the sending transitions, this last transition fires and data are sent to the BEMS. Otherwise, the
wait transition fires and another idle period starts. Figure 7 reports a more complex scenario in which the sensor
is capable to be put in the sleep mode (represented by the sleeping place) or, on the other hand, being set into the

5 fc and Uc can be computed according to the body of knowledge of the thermal physics: further details are out of the scope of this paper.
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normal sending

sleeping

period4 wait

Fig. 7. Device model (advanced).

sensitive state where a lower sampling period is possible. This is represented by the presence of two different timed
transitions: period,, and period,; the rate of the second transition is higher than the rate of the first one.

For clarity, the models here reported are expressed in the FSPN formalism. To be more precise, the approach
considers IOPTPNs and their supporting tools, which explicitly address input-output mechanisms and code genera-
tion procedures. The schemes present in the library also consider the transformation of such models into IOPTPN
models and the, the generation of source code. Details on the formalisms, the generation techniques and toolsets are
in [13].

4.4. BEMS model

The process of generating a FSPN model from the Control Logic starts from describing the adopted formalism to
express such a program. In this paper, as in [10], we adopt a pseudo language — named Smart Meter Programming
Language (SMPL) — originally used to describe control logic of Smart Meter (SMt). In the cited paper, the generation
of a FSPN model from a SMPL program is automated by the smp12fspn M2M.

In this paper, we extend SMPL to adapt it to the different scenario here considered. In [10], SMPL just considered
classical control applications, structured as infinite loops; in this paper, as sensors/device models are structured
according to such a paradigm (see Section 4.3), we consider an APPLICATION, composed of different procedures,
explicitly invoked from the external, i.e., data sent from the Device Layer. This notwithstanding, both the control
paradigms can be used together: future research work will explore this trend, also focusing on a formal definition
of the language and fully describing the model transformation here just sketched. Listing 2 reports the description
of the logic related to a BEMS putting in the sleeping mode a temperature sensing device that measures the same
temperature for three consecutive times.®

A control logic expressed in SMPL is structured in this way:

— the CONST section, devoted to define numerical parameters that do not change their values during the “exe-
cution” of the script;

— the VARIABLE section, defining “local” variables that are used during the execution of the procedure and
whose value is preserved between two different application invocations;

— the INIT section, containing some instructions that are executed only once, at application boot, before any
invocation.

— the RECEIVED section, specifying the signal coming from the device layer, triggering the execution of the
enclosed code.

Some possible instructions that can be used in both the RECEIVED and the INIT sections are: COPY, that copy
the value of a physical (fluid) variable into another; INCREASE/DECREASE, modifying upward/downward the

5Two temperatures are considered equals if their difference is under a parametrizable threshold. This mechanism is typical of the hysteresis-
based control theory; see as an example [19].
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Listing 2. Example of SMPL program

1 |APPLICATION sleep_on_temperature {
2 CONST:

3 T threshold = 0.1;

4 VARIABLE:

5 FLOAT previous_temp;

6 INT time_window ;

7 INIT:

8 previous_temp = 0;

9 time_window = 3;

10 RECEIVED device .temp_received:
11 if (|building.temperature — previous_temp| < T_threshold) {
12 DECREASE time_window 1;

13 if (time_window == 0) {

14 SEND device .sleeping_mode;
15 time_window = 3;

16 }

17 } else {

18 time_window = 3;

19 }

20 COPY building.temperature IN previous_temp;
21 |}

value of an integer variable of a specified quantity; and the SEND command, raising a signal to sensor/actuators.
Let us underline that, to avoid ambiguity in interfacing as example with more than a sensor, elements that refer to
other modules (i.e., temp_received) are preceded by the name of the module: the name of the module and of the
variable are separated by a dot (e.g., device.temp_received).

The translations in FSPN snippets of some constructs used in this example are already considered in [10]. How-
ever, Fig. 8 reports the FSPN model generated by the example just described.

CONST sections are translated by defining constant parameters of the model, VARIABLE sections by defining
proper discrete/fluid places and the INIT sections by setting the proper initial marking of such places. For what
concerns the other elements, the dotted boxes enclose the FSPN subnets translating such SMPL constructs; more
in the details, Table 2 reports for each of the blocks present in the FSPN model the corresponding lines of code of
Listing 2.

4.5. Model structuring and evaluation

Figure 9 reports further details on the four PN models, in particular their interactions among each other.

The PN structuring problem has been exhaustively studied in the literature: in this paper, we use the results of
many of such studies, which are summarized and classified in [12]. There are two used PN structuring mechanisms:
place/transition superposition, where two or more places (or transitions) are shared among different submodels [4],
and message-passing invocation, obtained by adding arcs from transitions in a submodel to places into another
submodel. More specifically, the following interactions are present.

— From User Model to Building Model: a variant of message-passing invocation with inhibitor arcs is present;
this variant is studied and reported in a recent paper [35]. In this scenario, the User Model has some places
whose markings enable/disable some transition in the Building Model: this is the case of a door state — which
is an action related to the user behaviour — that affects the thermal contribution the door gives to the room.
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@)

building.temperature

previous_temp
: T_threshold: 0.1

G1: |building.temperature - previous_temp| < T_threshold

G2: |building.temperature - previous_temp| >=

T_threshold

G3: time_window ==

G4: time_window !=0

G5: |previous_temp| < eps

G6: |previous_temp-building.temperature| < eps

Fig. 8. Generated FSPN model [10].

A similar situation is related to the enabling (input/output arcs) from a place of the User model to a transition
of the Building Model).

— From Building Model to Device Model: the PN models of the Device Models read the environmental moni-
tored variables; in this case, the place superposition mechanism in adopted on the fluid places related to such
variables.

— From Device Model to BEMS Model: in this case, the asynchronous message passing mechanism is considered
as the one reported in Sibertin-Blanc’s cooperative networks [25]. The Device Model plays as a message sender
on the firing of specific transitions (i.e., sending_data in the example), on the other side, the BEMS model has
a place where the presence of a token represents that a message has been sent and, hence, it can be used to
further computation (the place in the example is data_received).

— From BEMS Model to Device/User Model: these two cases report the same kind of interactions of the previous
case (message passing mechanism).

For what concerns the evaluation of the composed FSPN model, the complexity of the model itself — in particular,
the presence of more than one fluid place — does not allow the application of analytical exact solution algorithms,
as they are reported in [14]. The only way to solve the model is by using simulation-based algorithms, as described
in [15].
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Table 2
From SMPL constructs to FSPN subnets

FSPN block SMPL lines of code Comment

A 11,17, 19 The IF-ELSE construct is translated by the well-known choice PN pattern with two transitions
enabled by guards that are one the negation of the other.

B 12 The immediate transition of the block drains a token from the time_window place.

C 15 When a token is put in the place of the block, the transition with the higher priority (P>) fires until
the inhibitor arc from time_window to the transition itself does not inhibit it. Then, the transition
with the lower priority (P;) empties the place of the block.

D 18 See block C.

E 13, 16 See block A.

F 14 Sending a message means to let the transition of the block fires.

G 20 Since the original content of previous_temp could be higher or lower than the new value to copy

contained in building.temperature, the simplest mechanisms to empty out all the fluid from
previous_temp and then to add until reaching the same level of building.temperature. The two timed
transitions are in charge of modifying fluid inside previous_temp, while the two immediate
transitions may fire according to guard G5 and G6.

switch_on

more_comfort

BEMS Model

User Model Device Model

| Building Model

Tempegrature

sending_data

door_closed [quard]

door_open

more_saving

switch_off

Fig. 9. The formal model overall structure.

5. A sample application

To show the capabilities of the proposed approach, the presentation of a small case study is here reported. To
achieve this objective, some comparisons are made between the results of simulation runs. The comparisons con-
siders both the energy consumption and the temperature profile. Three main situations are considered:

1. evaluating the effectiveness of an automated smart control by comparing it with the case of no control;

2. evaluating the effect of the different seasons and climate conditions on the effectiveness of a control logic
(simulating them in winter and in summer);

3. using the approach to tune some parameter values by means of sensitivity analysis.

Before discussing of the simulation runs, four different artifacts are supposed to be available for this illustrative
case.
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Door2

Fig. 10. The case study floor plan.

Table 3

Proposed example building parameters
Parameter Description Value
Uwo Transmittance coefficient of an open window 5 W/m2/K
Uwc Transmittance coefficient of a closed window 0.5 W/m2/K
Upc Transmittance coefficient of an open door 5 W/m2/K
Upo Transmittance coefficient of a closed door 0.5 W/m2/K
Ew Absorbed power of a workstation 100 W
Tw Added temperature of a switched on workstation 0.05K
Ejp Absorbed power of a LED lamp 200 W
7L Added temperature of a switched on LED lamp 0.1K
A Area of a window 1 m?

— The BIM Model, here simplified by the floor plan in Fig. 10: this schema considers the example of a small
office where two adjacent rooms communicate by Door1. Door2 lets the office communicate with the external
corridor, as the window (Winl) separates Room1 with the building outside. In the rooms there are: lamps (L1
and L2), workstations (W1 to W3), air conditioning equipment (AC1 and AC2). The temperature of the envi-
ronment is monitored by three sensors (S2 to S4) while the S1 monitors the status of the Winl (open/closed).
Winl can be opened by an automated switch (OpenWindow).

Table 3 defines energy/thermic related parameters of the considered equipment/structure.

— The example SMAP repository is not reported in an extended way; however, we consider two users interacting
with the building objects. This interaction is ruled by a set of parameters that are reported in Table 4.

The first six parameters represent times and are expressed in hours. The three last parameters capture the
thresholds of the temperature that a mean user uses to guarantee him/her comfort. The activation/deactivation
of a HVAC is governed by the following rules. Given Tk the temperature of a generic room:

an HVAC is used to warm on the room if T < T¢c — Tk;
an HVAC is switched off from warming if Tg > T¢c — Ty,
an HVAC is used to cool off the room if T > T¢ + T7;
an HVAC is switched off from cooling if T < T¢c + Tg.

* Kk ¥ %

These rules are also explained by the sample plot reported in Fig. 11. The plot represents on the x-axis time
and on the y-axis Tx. The interval of activation of the warming on and cooling off the room are represented on
the x-axis while the three temperature thresholds determine the three zones of tolerance to high temperature,
comfort and tolerance to low temperature. This “hysteresis-like” mechanism is often used by HVAC controllers
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Table 4
Proposed example user parameters

Parameter Description Value

Changeroom Mean time to enter/exit in a room 2 hr

Opening Mean interval between an opening/closing event of a door or a window 0.5 hr

Lighton Mean time to switch on a lamp 0.5 hr

Lightoff Mean time to switch off a lamp 2 hr

‘Workon Mean time to switch on a workstation 0.1 hr

‘Workoff Mean time to switch off a workstation 1 hr

Tc Comfort temperature 21°C

Ty Temperature defining the upper/lower bound of the comfort zone 3°C

T Temperature defining the upper/lower bound of the tolerance zones 7°C

Tr
Tc+T
c E Tolerance to high
temperature
Tc+T,
T Comfort
Te-T
Tolerance to low
temperature
TC - TE 4 ul
A
»
—— N J time

Warm on Cool off

Fig. 11. Plot describing the activation/deactivation pattern of HVAC.

Table 5
Proposed example device parameters
Parameter Description Value
Ts1 Sample period of S1 0.0016 hr
Tso Sample period of S2 0.083 hr
Tg3 Sample period of S3 0.16 hr
Ts4 Sample period of S4 0.16 hr

to minimize the activation/deactivation events. Further mechanisms and references on this topic can be found
in[11].

— The model of the sensing behaviour of the sensing devices. The models considered are related to the simplest
of the two cases presented (i.e., the model in Fig. 6). Table 5 reports the considered parameters and their values
(expressed in hours).

— The Control Logic describes the case of a procedure blocking the cooling Room1 through ACI, in the case
that the eternal environment is cooler than the room Win1 is closed. In this case, since the outside environment
could be used for reaching the same purpose, Winl is open using OpenWinl. The considered SMPL code is
reported in Listing 3.
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Listing 3. Control logic of the case study

1 |APPLICATION naturalcooling {

2 CONST:

3 T threshold = 5;

4 RECEIVED S4.data_sent:

5 if (rooml.temperature — outside.temperature > T_threshold) {
6 if (ACl.cool == 1) {

7 if (Winl.closed == 1) {
8 SEND openWin. open;
9 }

10 }

11 }

12 |}

To achieve the aim of this section, two different variants of the model are considered: the Complete Model and
the Partial Model.

The Complete Model is constituted by all the four modules previously described. By applying the described
methodology, an overall FSPN model is generated, and implemented according to the tool described in [14]. The
model counts 36 places, 66 transitions, 201 arcs. To this aim, it is not graphically represented: the whole model
as well as the replication package for the reported simulations are at https://github.com/stefanomarrone/bems-
evaluation. The Partial Model is obtained starting from the Complete Model and deleting the BEMS model module
and it represents the case of the absence of an energy controller in the building.

The comparison between the two models is necessary to fulfil the first objective of this section (i.e., evaluating
the impact of the presence of a smart control logic). This evaluation is made in two different operative scenarios,
built to fulfil the second objective: the winter and summer scenarios. Both the mean values of the temperature in
Room1 and consumed energy by the building are measured over the executed simulations.

All the simulations are executed on a laptop equipped with an eight-core Intel® Core™ i7-8565U CPU @
1.80 GHz with 16 MB of memory. The following simulation parameters are chosen: the simulated time is 10 hours,
the time step of the simulation time is about 3 seconds, the number of simulations per experiment is 50, and the
confidence level is 0.1.

Simulation during winter The experiment is run with the initial temperature conditions of Room1 of 23°C while
the external temperature is constant at 10°C, simulating a winter condition. The plot of such variables is drawn in
Fig. 12 and Fig. 13.

In this case, the simulation reveals that, while the two configurations reach the same level of comfort, there is no
advantage of using the Complete Model. This is caused by the fact that we are operating in winter when the cooling
of the room is helped by the low environmental temperature.

Simulation during summer In this scenario, the temperature of the outside is set to 30°C. Figure 14 and Fig. 15
respectively report the graphical behaviour of consumed energy and the temperature of Rooml1. The difference
regarding the previous case is noticeable.

First, there is a meaningful saving of energy with the Complete Model regarding the Partial Model. The advantage
is also witnessed by the capability of the Complete Model to guarantee also a more comfortable temperature in the
room. In addition to the presented plots, and to understand the reason for this double advantage, Fig. 16 reports the
mean number of activations of the AC1 in Room1, showing that the Complete Model can reach a lower temperature
even with a lower number of activation of the cooling function of AC1. This demonstrates that the presence of a
smart energy control in a building can take advantage of an intelligent management of external conditions to improve
the user comfort in a sustainable manner.


https://github.com/stefanomarrone/bems-evaluation
https://github.com/stefanomarrone/bems-evaluation
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Fig. 12. Consumed energy (winter scenario).
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Fig. 13. Temperature of Room1 (winter scenario).

Sensitivity analysis The last kind of analysis aims at demonstrating that this tool can be used to understand the
impact of the different parameter values on the temperature and on the energy consumption, supporting the BEMS
designer to tune better the systems.. These analyses consider only the Complete Model. Two illustrative cases are
proposed.

Figure 17 shows the impact of the number of the users populating the interested rooms (from 1 to 4), to the energy
consumption. As the plot reveals, there is a big step between the case of a single user and the case of two or more
users; instead, the differences among two, three or more users are less meaningful with respect to the first one.

Another possibility is constituted by the study of the variation of the temperature threshold of the control logic
introduced in Section 4.4. In this analysis, the value of this threshold spans from 4°C to 8°C with a step of 2°C.
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Fig. 15. Temperature of Room1 (summer scenario).

The analysis refers to consumed energy. The results of this simulation run are depicted in Fig. 18. In this case, the
explanation of the plot is in the line 5 of Listing 3; when the threshold decreases, the number of the times the control
flow of the application enters in the if branch increases. The control logic has, in these cases, more occasions to
check the possibility to exploit the natural cooling of an open window.

A brief discussion is needed. The first consideration comes from noticing that this is a simplified case study. Other
sensors could be added to the model, e.g., sensors on the doors and temperature sensors in the corridor. However,
the approach works also in presence of partial information, considering not controllable/measurable variables as
some sort of “interference”. The second comment is related to the values of the considered parameters. The val-
ues of the reported parameters are chosen according to a brief revision of datasheets and websites reporting mean
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Fig. 17. Sensitivity analysis w.r.t. present users.

values and plausible ranges for parameters as: transmittance coefficients, energy consumption of lamps and work-
stations, etc. A full detailed report of such sources is out of the scope of this paper. Furthermore, the values of the
hyper-parameters (e.g., number of the simulation runs per experiment, simulated time) are also chosen to keep the
simulations time-limited. Once one has chosen the proper set of parameter values by means of sensitivity analyses
and/or optimization mechanisms, he/she can expand the simulation time window to validate the chosen scenario.
The third consideration is related to the sensitivity analysis runs. As stated at the beginning of this section, the mo-
tivation of introducing this stage of analysis is to demonstrate that a BEMS designer can base his/her decision on
quantitative data. The presentation of two analyses, one based on a user-related parameter, one on a control-related
one, demonstrates this objective.
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6. Conclusions and future work

The model-based approach using PNs for the construction of a BEMS has proven to be an effective method
for creating efficient and reliable systems. This approach allows for the representation of complex processes and
interactions within a building’s energy management system, and allows for the modelling of various scenarios and
optimization of energy usage. Furthermore, the use of PNs allows for easy modification and updating of the system
as necessary, making it a flexible and adaptable solution.

This paper defines the modelling methodology and applies it to the construction of a modular FSPN model and
its simulation. The results of this study demonstrate the potential for this approach to significantly improve build-
ing energy management and reduce energy consumption. The proposed methodology could also be used to define
proper, ad-hoc SRI indices, as considered in [28]. Further scenarios can be explored to assess the methodology.

This paper does not claim to present a fully automated approach. The details about the M2M transformation for
the four different layers here presented is out of the scope of this paper. Future work will take into account:

— to continue refining and testing this approach in a variety of different building types and environments to totally
demonstrate its effectiveness;

— definition of a wider methodology finalized to the construction of DTs for physical buildings and infrastruc-
tures.

The research at the last point will be conducted by exploring the link between the Formal Model and real settings.
This aim will be reached gradually first by interfacing simulative software as in [17], then by making an IoT system
controlling HVAC in a single room office of a larger building, and finally enlarging the scope of the experimentation
to a small building.
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