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Abstract Sustainability is an important topic of discussion in our world. However,
measuring sustainability and assessing behaviors is not always easy. Indeed, and in
order to fulfill this goal, in this work it will be proposed a multi-agent based archi-
tecture to measure and assess sustainable indicators taken from a given environment.
These evaluations will be based on past and present behaviors of the users and the
particularities of the setting, leading to the evaluation of workable indicators such
as gas emissions, energetic consumption and the users fitting with respect to the
milieu. Special attention is given to user interaction and user attributes to calculate
sustainable indicators for each type of structure, i.e., the aim of this scheme is to pro-
mote sustainability awareness and sustainable actions through the use of sustainable
markers calculated in terms of the information gathered from the environment.

1 Introduction

Ambient Intelligence (AmI) is still considered an emergent technology that may be
embedded into environments, making them both sensitive and responsive. In this
sense AmI may be used to achieve several objectives inside such environments,
e.g., in sustainability assessment, enforcement and suggestion [5]. In fact, there is
an increasing source of concern as more researchers make use of computational
resources to find sustainable equilibriums. Sustainable models developed in the lit-
erature are also focus of research and improvement, although they may differ on
their approach. Some of these models use economical metrics in order to assess
sustainability, while others follow social and environmental perspectives in a more
accurate form [11]. The work presented uses a multi-agent system to obtain infor-
mation about an environment so that deliberative and reactive decisions concerning
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sustainability can be made. Indeed, multi-agent system architectures that foresee
these problems, may be found in [9]. Performance tests showed good results for the
service discovery in terms of flexibility and interoperability. Decisions are created
using reasoning processes upon the data gathered either with machine learning or
context-aware computing, so that specialized intelligent decisions may be made for
each user present in an AmI setting. With respect to this area of research, Machine
Learning inside AmI environments have already been used for feats such as human
activity tracking [3]. Current sustainability assessment considers different indicators
and sub-models created and used by specialized people. Our work aims to make it
simple to assess and determine sustainability indicators in an intelligent environ-
ment through the use of multi-agent architecture and environment sensing. It has
been demonstrated by previous research that when people are aware of the conse-
quences of their actions in detail, and they are set with an objective, they tend to act
in the best manner to attain it, as it was the case with eletrical consumption [4]. It is
expected that the use of architectures like the one proposed in this paper causes the
same effect on sustainable measures and user behaviour as it was demonstrated for
electric consumption and user behaviour.

2 Previous Study

In this section there are presented studies related to the research being conducted.
As such each category will be presented and a general descritpion will be made.

Sustainability is a subject of concern for the assurance of the steadiness, viability
and use of a system. Currently different approaches to measure and assess sustain-
ability were proposed in the literature, with some focusing on an economical per-
ception, while others emphasize on environment or social perspectives [11]. Sustain-
ability indicators have been useful at pointing out unsustainable practices, however,
they are not as good to define and guarantee sustainability [7]. A common accepted
definition for the notion of sustainability concerns an equilibrium from social, eco-
nomical and environmental factors. When some of these features cannot be met, the
system is not considered sustainable, but it may be pondered viable, bearable or eq-
uitable [11]. In contexts like intelligent buildings, there are commitments to build
Key Performance Indicators (KPIs) to monitor sustainability, and act as sustainabil-
ity indicators from information gathered by a panel of experts [2].

Machine Learning (ML) techniques or methods concede the modeling and learn-
ing of preferences and habits in different contexts. These methods also sanction the
acquiring of past and current trends and predict future results. From information
assembled from different environments, ML techniques may derive models of be-
haviour and interaction based on specialized backgrounds (e.g., users, environment,
social interaction or consumption). ML and Data Mining (DM) techniques may also
be used to obtain information about user’s habits in AmI settings, from data gathered
by sensors in the environment, namely using practices such as Sequence Discovery
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[3], Fuzzy Logic [6], Genetic Programming, Multi-Layer Perceptron, Evolutionary
Intelligence [8] or combinations of these techniques [12].

Context-Aware Computing is a component of a ubiquitous computing computing
environment. One hopes to make personalized decisions based on contextual factors
that may lead to different results to the same situation, once placed in different con-
texts [10]. Evidence of these context-aware systems can be found in e-Commerce,
Information Retrieval and Ubiquitous Systems. In these examples context aware-
ness is used to personalize systems and applications to the present user context [1].
Despite the interest in context-aware computing, context definition for applications
and systems is still challenging in some situations.

3 Multi-Agent System for Sustainable Environments

This case study presented encompasses an intelligent environment and its user in-
teractions in order to obtain information about its current sustainable condition. The
source of such interest may be economical challenges or a conscious mind about the
future sustainability of his environment, as described in [4]. The user is supposed
to do daily routines such as cooking, sleeping or watching television. Nevertheless,
the system records each action on the part of the user interactions, and uses such
information to reason about existing sustainability indicators and metrics of control
concerning the environment i. e., resource utilization, CO2 emissions and of its own
attendance on each internal premise in the environment for example.

The objective is to use different model representations, for example, environmen-
tal vairiables, ambiental variables, interactions and appliance consumptions. These
models may receive input from different sensors distributed in the environment or
mathematical formulae. There may also be the case where a different intrepretation
of the values of a primary model or group of models may derive new ones, i.e.,
electric costs and carbon emission from electric consumption. Therefore, the user is
aware of his impact on his environment.

System Architecture as proposed is a multi-agent system which encompasses a set
of agents accountable for the assessment of current sustainability indicators in the
environment. These agents communicate with the environment in order to retrieve
data about it and use intelligent models to assess it based on sustainability indicators.
Indeed, the proposed architecture uses 4 (four) different types of agents, namely:

• Sensing - an agent connected to sensors that is responsible to gather data about
the environment, such as user presence or energetic consumption;

• Modeling - an agent responsible to model a representation of the essential as-
pects of a system which presents knowledge and relies on both mathematical and
physical formulas as well as data from the sensing agents;

• Reasoning - an agent that reasons about perspectives, setting a method that fulfills
the formal requirements for a theory of context, and offers an explanatory account
of contextual reasoning in terms of information flow;
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• Actuator - an agent that acts on the environment and monitors the execution of
those acts to reassure a correct behaviour on the system.

With this setup the environment has all the necessary agents to gather data, trans-
form and process it into agent’s knowledge models.

Sustainability Indicators available in Table 1 are in the form of the three key
sustainability categories: economical metrics that include the running costs associ-
ated to the environment continuance versus the available income in the same period;
social metrics that relate the presence and the possible interaction among the users
that populated the environment; and environmental that assesses the the amount of
carbon emissions that are generated. The values from the proposed indicator are
interpreted as unsustainable if the value is below 1 or sustainable otherwise.

Table 1 Sustainability indicators

Economical Environmental Social

EnergeticCosts
IncomeAvailable

EmissionTreated
TotalEmission

TimeInside
TimeOutside

The overall sustainability of the environment is calculated by 1, which denotes a
compromise among the three main categories of sustainability indicators.

Sindex = α × Ieconomic +β × Ienvironmental + γ × Isocial (1)

The equation presented in 1 has three qualifiers, one for each sustainability indi-
cator. The values of such indicators are between 0 and 1 where their addition totals
1. All indicators are calculated either locally or for the entire setting which sums the
assessment of all premisses. This way, if the environment is considered sustainable,
the user may still assess changes in premises with low supportable standards.

4 Tests and Results

In order to set up initial scenarios both a simulation and a real environment were
studied. On both environments it is possible to record consumptions, presence and
emissions. User notification is made through a dedicated interface that displays en-
vironment configuration, its sensors, and the levels of consumptions and emissions.

For the simulated environment, a model of a traditional home with a bedroom, a
living room, a bathroom, a kitchen and a hall was conceived. The actions simulated
included user movement and the swapping of the state of the appliances (on or off).
Electrical consumption, user presence and carbon emissions were modelled from
simulated sensor values for a period of 3 days and a total of 201 actions simulated
representing a user presence of about 58% in the environment each day.
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The Intelligent Systems Laboratory (ISLAB) at University of Minho was selected
as the real environment. ISLAB is made of one room available to researchers where
they can gather and work together. This room was modeled containing a set of appli-
ances such as computers and lights. In this room it was also installed sensors which
recorded user presence, luminance and temperature for the period of 5 days where 2
of those were holidays. The sensing and modeling agents were used to obtain model
representation of user occupancy, lightning and temperature on the ISLAB.

Table 2 Results from simulation
ISLAB Environment

Room Carbon emission (g) Energetic Consumption (kW) Presence (%)
ISLAB 7078.46 21.80 11

Home Environment
Room Carbon emission (g) Energetic Consumption (kW) Presence (%)

Bedroom 5.51 0.02 55
Kitchen 3537.32 9.95 9

Living Room 994.43 2.80 32
Bathroom 3.47 0.01 1

Hall 13.87 0.04 3

Results from both simulations are presented in Table 2 according to the formu-
las presented in Table 1 and data simulated and obtained from sensors. In order
to estimate an economic indicator, the user is supposed to have 1,5 euros per day
for daily energy consumption. From these results it is possible to calculate the sus-
tainable indexes defined in 1 which are 3.19, 0.67 and 1.38, in the home setup, and
1.92, 0.67 and 0.14, in the ISLAB setup, for the economic, environmental and social
indexes. It is also demonstrated, in the home environment, that it is economically vi-
able, however, there is a penalization on the environmental indicator. This points out
that the environment under study does not treat effciently emissions derived from
its services. It is a potential source of improvement.

On the ISLAB results it is possible to demonstrate that if there is a budget of 1
euro for electricity on a daily basis then, sustainability indicators show that there is
a penality not only in the environmental indicator but also in the presence indicator
due to the limited time the room is occupied and its eletrical consumption. Changing
the environment generates different simulation results, so simulation can be used to
assess the impact of desired changes in the environment in terms of sustainability.

5 Conclusion

The proposed work features the perception of a multi-agent system able to handle
sustainable monitoring and assessment in an intelligent environment. Furthermore,
the use of formal models, was found to be a bright way to test and assess its sustain-
able actions and behaviours. It was found that it is possible to derive conclusions
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from the use of such systems in order to improve its efficiency and sustainability in-
dicators. This is achieved with user awareness about his current situation, indicating
which of his actions are more sustainable. As future work there is the need to further
validate the model using real sensors in real world settings and design new metrics
for sustainability indicators. The multi-agent system needs to be extended with the
ability to monitor different environments in parallel, and explore connections and
influences among them, such as a home and an office in the same environment. A
recommender system may help in the improvement of the sustainability indicators.
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