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Ambient Intelligence: Experiments on Sustainability 
Awareness  

Fábio Silva, Cesar Analide 
Department of Informatics, University of Minho 

Abstract. Computer systems are designed to help solve problems presented to 
our society. New terms such as computational sustainability and internet of 
things present new fields where traditional information systems are being ap-
plied and implemented on the environment to maximize data output and our 
ability to understand how to improve them. The advancement of richer and in-
terconnected devices has created opportunities to gather new data sources from 
the environment and use it together with other pre-existent information in new 
reasoning processes. This work describes a sensorial platform designed to help 
raise awareness towards sustainability and energy efficient systems by explor-
ing the concepts of ambient intelligence and fusion of data to create monitoring 
and assessment systems. The presented platform embodies the effort to raise 
awareness of user actions on their impact towards their sustainability objectives. 
Keywords: Ambient Intelligence, Pervasive Systems, Sustainability, Energy 
Efficiency. 

1 Introduction 
The advent of computer science and its evolution led to the availability of compu-

tational resources that can better assess and execute more complex reasoning and 
monitoring of sustainability attributes. This led to the creation of the field of computa-
tional sustainability (Gomes, 2011). Coupled with sustainability is energy efficiency 
which is directly affected by human behaviour and social aspects such as human com-
fort. Fundamentally, efficiency deals with the best strategy to obtain the objectives 
that are set, however, when the concept of sustainability is added, several efficient 
plans might be deemed unsustainable because they cannot be maintained in the future.  

While efficiency is focused on optimization, sustainability is mostly concerned on 
restrictions put in place to ensure that the devised solution does not impair the future. 
Not only, context hardens the problem but also the possibility of missing information 
which might occur due to same unforeseen event that jeopardizes an efficient solu-
tion. To tackle such event, computational systems are able to maintain sensory net-
works over physical environments to acquire contextual information so it can validate 
the conditions for efficient planning but also acquire information and, as a last resort, 
act upon the physical environment.  



2 Related Work 
The term computational sustainability is used by researchers such as Carla Gomes 
(Gomes, 2011) to define the research field where sustainability problems are ad-
dressed by computer science programs and models in order to balance the three di-
mensions of sustainability: economic, ecologic and social dimensions. 

It is accepted that the world ecosystem is a complex sustainability problem, affect-
ed by human and non-human actions. Despite the use of statistical and mathematical 
models for the study of sustainability and computational models to address problems 
of environmental and societal sustainability, the term computational sustainability 
appeared around 2008. Nevertheless, the pairing between computer science and the 
study of sustainability is as old as the awareness of sustainability and as long as com-
puting was available. It is a fact that, as computational power capacity increased over 
time, so did the complexity and length of the models used to study sustainability. The 
advent and general availability of modern techniques from artificial intelligence and 
machine learning allowed better approaches to the study of each dimension of sus-
tainability and their overall impact for sustainability. 
The types of sensors used in the environment may be divided into categories to better 
explain their purpose. In terms of sensing the environment, sensors can be dived into 
sensors that sense the environment or users and their activities.  Generally, an ambient 
might be divided in sensors and actuators. Sensors monitor the environment and gath-
er data useful for cognitive and reasoning process. On the other hand, actuators take 
action upon the environment performing actions such as thermostats to control the 
temperature, lightning switches or other appliances.  

Different methodologies and procedures exist to keep track of human activities and 
to make prediction based on previous and current information gathered in these envi-
ronments. Common approaches with machine learning techniques involve the use of 
neural networks, classification techniques, fuzzy logic, sequence discovery, instance 
based learning and reinforced learning as in (Costa, Novais &, Simões, 2014). 

An approach to this problem using fuzzy logic algorithms is proposed by Hagras et 
al (Hagras, Doctor, Callaghan, & Lopez, 2007). Sequence discovery approach is at the 
heart of learning algorithm in (Aztiria, Augusto, Basagoiti, Izaguirre, & Cook, 2012), 
which demonstrates a system that can learn user behavioural patterns and take proac-
tive measures accordingly.  

The work presented considers the use of these types of sensor to assess and reason 
about sustainability and indicator design. This information will then be used to reason 
about user behaviour and their accountability. 

3 Platform Engine 
The focus of this project is, more than developing new procedures or algorithms to 

solving problems, putting these innovations on the hand of the user, with a clear pur-
pose: that these innovative tools should be guided to assist people in the context of 
energetic sustainability. 



3.1 Network Design 
The PHESS platform supports heterogeneous devices by implementing middleware 
upon groups of devices to control data and information acquisition. Local central 
servers are viewed as decentralized by the platforms which access them to obtain data 
and implement their plans through the local network actuators. 

 
Fig. 1.  Generic PHESS platform configuration. 

Figure 1, details a generic composition of two different environment scenarios with 
users and their connection to PHESS platform. This residential central node is respon-
sible for the middleware to connect local sensor networks to the PHESS platform 
using dedicated protocols for data acquisition and storing information.  

The data gathered is summarized locally according to time and user presence mod-
els and synchronized with the central PHESS platform. It is also responsible for creat-
ing different user and environment profiles. Notifications are generated by the central 
PHESS platform to the project webpage or mobile application. 

3.2 Data Fusion 
The process of data fusion is handled by local central nodes where data is submitted 
to data fusion process according to the number of overlapping and complementing 
sensors. In this regard, there are strategies that can be followed according to the con-
text and nature of the fusion process.  
The first one is a weighted average of values, for the same type of sensors in the same 
context to get an overview of an attribute with multiple sensors to reduce measure-
ment errors. The weights are defined manually by the local administrator. More so-
phisticated fusion is employed with complementary sensors which according to some 
logic defined into the system measure an attribute by joining efforts such as user pres-
ence with both RFID reader and wireless connection of personal devices such as 
smartphones. The last resource is the use of heterogeneous data to create attributes 
with some level of knowledge from the start. An example is the assessment of thermal 
comfort using default indicator expressed as mathematical formulae such as the PMV 
index (Fanger, 1970) for instance. Other application is the definition of sustainable 



indicators according to custom mathematical formulae in the platform that shall pro-
cess some attributes in the system to make their calculation.  
The configuration of data fusion steps, the selection of sensors and streams of data is 
made on the initial step of the system by the local administrator. According to each 
area of interest and with specialized knowledge obtained by experts it is possible to 
monitor relevant information to build sustainable indicators.  

3.3 Sustainability Indicators Generation 
Indicators evaluate sustainability in terms of three main groups, namely economic, 
environmental and social. However, due to their impact, some indicators can be de-
signed to influence more than one dimension of sustainability. For this reason it was 
chosen to have these indicators as the general analysis of sustainable principles in-
stead of sustainability dimensions. In order to be directly comparable indicators are 
defined to use the same scale, and are based on the notion of positive and negative 
impact. The values of each indicator range from -1 to 1 and can be interpreted as un-
sustainable for values below zero and sustainable from there upwards. 

Indicator definition is another configurable space inside the PHESS platform where 
monitoring indicators are defined using values from sensors and sensor fusion, and 
customized with mathematical formulas. All these indicators are calculated either 
locally, i.e., in a room basis, or they are evaluated for the entire setting which sums 
assessment of all different rooms. In this way, even if the environment is considered 
sustainable, the user may still assess changes in premises with low supportable stand-
ards. Environments are generally hosts to of many different users, which influence it 
with their behaviours, actions and habits. Tracking user activities is something that 
can be used to infer and establish cause and effect relationships. The PHESS system 
uses different dynamics to produce accountability reports on user actions based on 
environment and personal monitoring coupled user presence detection. Areas uncop-
ied, are considered the responsibility of all people present in the environment, so that 
the coverage of the entire environment is assured by its occupants. In cases where the 
local context and local sensor values are indistinguishable based on location them, 
user accountability takes in consideration only user presence in the environment. The 
richer the environment is in sensor data acquisition the richer results and analysis is. 

4 Case Study and Results 
As a case study, results from five days in an environment are presented. In this case a 
home environment with a limited set of sensors, and a smartphone as a user detection 
mechanism. User notifications are made by actuator modules which push notifications 
to users in order to alert them based on notification schemes and personal rules. Sen-
sors include electrical consumption, temperature, humidity, luminosity and presence 
sensing through smartphones and an indicator based on the sensation of temperature 
PMV used in thermal comfort studies (Rana, Kusy, Jurdak, Wall, & Hu, 2013). 



The indicators are designed in the platform in order to perceive energy efficacy and 
as such the case scenario uses electricity to do this analysis. Therefore, a list of sam-
ple indicator was defined using data fusion available through PHESS modules. A 
sample of four indicators were defined and their expression is as follows: 
 Unoccupied consumption  measures the deviation of consumption when no user is 

present in the environment from a user inputted objective.  
 Activity based consumption - measures the deviation of consumption during the 

period of 1 hour from the objective value set by the user, in this case;  
 Total consumption: measures the deviation of total consumption during the period 

of a day based on a default value defined for consumption; 
 Comfort Temperature  based on the PMV comfort indicator obtained through data 

fusion process which is calculated by PHESS platform;  
 Comfort Humidity  based on comfort values that define the normal range of val-

ues humidity in indoor environments.  
 

 
Fig. 2. Indicator values from the PHESS platform 

As seen in figure 3, with the graphical representation of the indicators it is possible 
to analyse the behaviour of an environment based on user inputted indicators. These 
indicators are represented in the scale -1 to 1 as stated in section 3.4. While comfort 
values are being respected, consumption based indicator shows that the values set for 
the system are not yet being followed. As a result, indicators towards consumption 
analysis are performing below the accepted margin. 
Accountability is based on the notion of user impact on the system. Results indicate a 
higher consumption when the environment is not occupied which demonstrates that 
the environment configuration has more impact than user actions. The person the 
longest in the environment each day has more impact towards the total consumption 
which is inputted to user actions. 

This analysis allows the system to identify people with most impact on the system 
based on the attributes and indicators defined. There is the need to adapt each indica-
tor set to the objectives and the areas to improve, but the generic platform allows for 
this configuration based on the layers of the PHESS platform. 



5 Conclusions 
Computational sustainability, although a new and interesting topic of research to 

the academic community, still presents a number of difficult challenges. The platform 
presented is the combination of modules which take inspiration from ambient intelli-
gence and information systems to provide analysis and assessment of environment 
and their users, to identify and provide real time analysis of concepts based on sus-
tainability and efficiency. Results indicate that modest configurations can yield mean-
ingful results that may be used to take actions on the environment and user behaviour. 
The process of data fusion and indicator design are responsible to thoroughly analyse 
key situation of environment and user behaviour so they expression appears meaning-
ful to produce not only user reports but also user suggestions.  

With the mainstream use of interconnected appliances the possibilities for automat-
ic actuation are increasing, mainly with the new internet f things standards being pro-
posed by major companies. The PHESS project aim to increase its support by adding 
new features to their middleware layer and allow actuation in conjunction with senso-
rization. Moreover, it is expected to support multi environments for each user, in-
creasing accountability to user behaviours regardless of location.  
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Social Networks Gamification for Sustainability 
Recommendation Systems 

Fábio Silva, Cesar Analide, Luís Rosa, Gilberto Felgueiras, Cedric Pimenta 

Abstract. Intelligent environments and ambient intelligence provide means to 
monitor physical environments and to learn from users, generating data that can 
be used to promote sustainability. With communities of intelligent environ-
ments, it is possible to obtain information about environment and user behav-
iors which can be computed and ranked. Such rankings are bound to be dynam-
ic as users and environments exchange interactions on a daily basis. This work 
aims to use knowledge from communities of intelligent environments to their 
own benefit. The approach presented in this work uses information from each 
environment, ranking them according to their sustainability assessment. Rec-
ommendations are then computed using similarity and clustering functions 
ranking users and environments, updating their previous records and launching 
new recommendations in the process. 
Keywords. Sustainability, Ambient Intelligence, Reasoning, Gamification, So-
cial Networks 

1 Introduction 
Sustainability is a multi-disciplinary area based in fields such as economy, environ-
ment and sociology. These fields of research are interconnected, but humans have 
different psychological approaches to them. Thus, is necessary to perceive the behav-
iors behind each multi-disciplinary area. A computational platform to support and 
promote a sustainable environment, together with an approach to the energetic and 
economic problems, must take the decisions as smoothly as possible so as not to cause 
discomfort to the user. This topic triggered several psychological researches [1], [2] 
and a common conclusion indicates that humans are not always conscious about their 
behavior [3]. This field, called psychology of sustainable behavior, despite focusing 
on measurement and understanding the causes of unsustainable behavior it also tries 
to guide and supply clues to behavior change. Manning, shows some aspects that are 
necessary to consider promoting and instilling in people sustainable behaviors [4]: 
 All behavior is situational, i.e., when the situation or event changes, the behavior 

changes, even if exists intention to perform a certain behavior, circumstances can 
make it change; 



 There is no unique solution, i.e, people are all different because they have different 
personalities, living in a specific culture, with distinct individual history; 

 Fewer barriers leads to a great effect, i.e., when a person is facing social, physical 
and psychological obstacles, his attitude tends to flinch, for instance, the lack of 
knowledge about a procedure leads to a retreat; 

 There is no single approach to make an action attempting achievement of sustaina-
bility, there are many sustainable possible options that a person can choose. 

To overcome these barriers to sustainability, it is suggested the engagement of multi-
ple users in a competitive environment of positive behaviors so that participants have 
the need to strengthen their knowledge of sustainable actions.  In this work, elements 
of gamification and information diffusion are explored in communities of intelligent 
environments with the objective of achieving behavioral and physical change. Auto-
matic selection of recommendations based on the known examples, assessed via sus-
tainable indicators, inside such communities can be achieved by constantly comparing 
and ranking users and physical environment inside intelligent environments. The dis-
semination of this information helps user inside these communities of intelligent envi-
ronment take advantage of it and increase the community overall performance. 

1.1 Gamification 
There are already many studies in regard to gamification, where people use IT to 
change the behavior of the systems in order to make them more efficient.  Still, there 
is a common trait among them, they are oriented to efficient actions of a system and 
not to the efficient actions of the user [5]. Changing the former is determining what 
should be its behavior, while changing the latter means changing their habits, the 
behaviors that they acquired. In order to tackle this problem, two main concepts will 
be put in practice: Gamification and Information Diffusion.  
In [6], gamification is applied in education where the authors try to take the elements 
from the games that lead to the engagement and apply them inside the school to the 
students to keep them motivated. Another example uses a framework that allows users 
to share their daily actions and tips, review and explore others people actions, and 
compete with them for the top rank by playing games and puzzles [7]. On another 
example authors developed a service-oriented and event-oriented architecture frame-
work where all participants communicate via events over a message broker. This sys-
tem is composed by a set of game rules that define game elements like immediate 
feedback, rank/levels, time pressure, team building, virtual goods and points (karma 
points, experience points). Completing game rule generates a reward event for the 
user over the message broker. There is also an analytical component that may be used 
to analyze user behavior in order to improve game rules and optimize long-term en-
gagement [8]. 
As for the second concept, Information Diffusion, this will be applied specifically to 
social networks. What various studies have proven [9] [10] [11] is that social net-
works have the potential to diffuse information at a high rate. Besides this point, they 
can also influence other peers to participate by sharing content. The use of social net-



works, also mentioned above, has the goal of enhancing the engagement of the users 
to higher levels by bringing the results to public (respect ations) and 
making each user responsible for his actions at the eyes of the respective network.  
As we can see through the examples presented, the application of gamification can 
raise the levels of loyalty of the users and keep them engaged in our objective by 
making it more enjoyable. 

1.2 Sustainability Indicators 
Sustainability is a multidisciplinary concept related with the ability to maintain sup-
port and endure something at a certain rate or level. The United Nations have defined 
this concept as meeting the needs of the present without compromising future genera-
tion to meet their own needs.  
Due to the importance of sustainability different author have defined measures to 
assess and characterize sustainability. A popular consensus is based on 3 different 
indicators used to measure the sustainability of a given environment [12]. This ap-
proach is based on three different types of indicators, social, economic and environ-
mental with the specific restriction that until all those values are met a system cannot 
be deemed sustainable. From this perspective sustainability concerns a delicate equi-
librium between different indicators which action to optimize one indicator might 
severely affect one of the other two. 
The presence of indicators to assess sustainability is an established practice [13] and 
[14], however it does not give any information on how to guarantee or plan sustaina-
bility. In reality indicator only inform about the current status of a system.  

2 Studies on Sustainability Assessment 
2.1 People Help Energy Savings and Sustainability (PHESS)  
PHESS concerns a multi-agent platform (figure 1) developed to perform sustainability 
assessment on both users and environments. The platform establishes an ambient 
sensorization routine upon the environment, constantly updating sustainability indica-
tors. The use of sustainability indicators represents the current, real time assessment 
of the environment taking into account historic data. The aim of the platform is not 
only to assess and identify unsustainable practices but also act with the objective of 
improving sustainability indicators. For such to happen, user behavior and environ-
ment might need to be changed. However, how the change is conducted cannot be 
determined by sustainability indicators alone.  

The data gathering level in the PHESS platform includes sensing agents responsi-
ble for controlling the access and delivery of ambient sensor data model and reason 
agents in the reason context level. Model agents are responsible to monitor changes in 
the environment creating models with patterns common pattern and predictors for 
sensor value. Moreover, model agents may also be responsible for maintaining user or 
environment sustainable indicators updated. Reason agents use context information to 



formulate hypothesis in order to create recommendation, optimize environments and 
behaviors. This knowledge inferred from agents is then used in acting agents in the 
Acting level in this platform. 

 
Fig. 1. Multi-Agent System for Deliberation and Sustainable Assurance 

In this paper, the process of using indicators from different environments to create 
and promote recommendation that can be explained is detailed in next sections. An 
initial explanation about the sustainable indicators and sustainable assessment is nec-
essary to understand the process of creating recommendations.  

2.2 Sustainability Assessment 
The sustainable assessment used in PHESS, uses different indicators within each di-
mension of the sustainability definition. This approach was also used by some au-
thors, which used these indicators to guide strategic options and perform decisions 
based on the foreseeable impact of such measures [13], [14]. These indicators repre-
sent a ratio between a positive and negative contribution to sustainability and their 
values are computed in the -1 to 1 range, equation 1. As a consequence, all indicators 
use the same units of calculation and can be aggregated within each dimension 
through the use of weighted averages. The use of these indicators is made within each 
division in the environment and aggregated through average in the environment.  

 
negativepositivepositive

negative1
negativepositive1negative

positive
negative)positive,Indicator(  (1) 

In order to deliberate about sustainability performance it is needed to rank solutions 
rewarding each solution with a sustainable score, equation 2. Indicators within each 
dimension of sustainability are averaged according to weights defines in each dimen-
sion. The use of ranking formulas enables the use of fitness functions and distance 
functions to help calculate distances from one sustainable solution to another. Such 
approach in explored in section 3, integrated in a case based reasoning algorithm and 
custom sustainable indicators used to perform a proof-of-concept analysis on the pro-
posed algorithm. 
 



 1< <0 1< <0  1< <0  1=+ + socialI*talenverinmenI*economicI*indexS  (2) 

3 Case Based Reasoning to Promote Sustainability 
The work here detailed is intended to help communities of intelligent systems let us-
ers promote practices from different physical environments with high sustainability 
indexes to others with a recommendation engine. In order to summarize each envi-
ronment, it was designed a sustainability profile, stating environment and individual 
room sustainability. Environment indicators are calculated from the use of aggregated 
individual room indicators, taking advantage of the indicator structure detailed in 
section 2 and three sample indicators for each dimension of sustainability. For the 
social indicator a positive value is represented by the amount of time spend inside the 
room whereas the negative value is represented by the time outside. Likewise for 
economic indicator a positive value is represented by the current budget available and 
the negative the total amount spent. Regarding the environmental indicator, emissions 
are derived from the CO2 emission derived from electricity report for the negative 
value and emissions avoided as the positive value. Each case is maintained in a profile 
database and it is updated using the PHESS multi-agent platform which includes an 
ambient sensorization framework. 
The case based reasoning used in this situation uses a two-step process to evaluate 
and calculate new solutions for the user. As an initial step, the type of environment is 
contextualized, for instance, sustainable index, number of divisions and room indica-
tors. A second step concerns the recommendation phase, and uses room indicators to 
obtain the best solution for the planning of energy use and appliance substitution.  
The action flow is detailed in figure 2, where from an initial set of grouped environ-
ments a target environment can be compared to environments in higher ranked 
groups. The initial grouping of environments is made using K-means algorithm on the 
sustainable index of each environment with a fixed size for number of groups. The 
retrieval of comparative cases is extracted with the help of similarity functions. In this 
case, similarity is computed using environments from higher ranked groups and an 
average Euclidean distance from the distance value, computed for the three sustaina-
bility indicators, in every room. This procedure is used taking in consideration the 
room type, as distances are only calculated for rooms of the same type. The selection 
of environments favors the longest similarity distance for the value of the indicators in 
order to help the impact of possible recommendations in the environment. Finally, the 
list of alternative recommendations is obtained, comparing the room types of the tar-
get environment to rooms of the same type in the selecting environment. Any differ-
ences found are matched as possible change scenarios, favoring the options taken in 
the selected environment. 
It is useful to remember that sustainable indicators are calculated from data acquired 
from each environment on a timely basis. The natural consequence is that as time 
progresses the values of these indicators which might result in environments exchang-
ing the group they were previously. 



 
Fig. 2. User suggestion from social database 

This dynamic works for the benefit of the system as the selected cases for comparison 
within each group are changed each time these variations occur enticing environments 
users to adopt behaviors that do not lead their environment to move to lower ranked 
groups. 

3.1  Results 
The results provided in this paper consider an implementation of different intelligent 
systems inside a community of users. For this purpose and due to current lacking 
infrastructures and users the environments were simulated defining different envi-
ronments with different configurations generating user behavior inside them and cre-
ating sustainable index using the PHESS platform on such environments. 
In order to test the recommendation system within communities, a set of environ-
ments was simulated. The setup recreated typical environments commonly found, 
such as apartments with a bedroom, living-room, kitchen, bathroom and a hall con-
necting all the other rooms. Inside each room, a set of appliances was also defined 
ranging from lights and computers to ovens and refrigerators with different consump-
tion patterns. The consumption of appliances was defined from their active use and 
explicit turn on/off actions from user action simulated in the environment.  
In this test 3 environments were defined and divided across 3 groups using the algo-
rithm detailed in section 2.3. The initial step requires information about each envi-
ronment, namely sustainable indexes for each environment and sustainable indicators 
for each room inside each environment. This was accomplished running each envi-
ronment with sample users with sample routines inside each environment in the 
PHESS system. With information about sustainability on each environment groups 
was generated resulting with the first group concentrating two of four environments, 
and one for each of the remaining two groups. Focusing on one of the environment on 
group with poorer sustainable index, a comparison was made using the environment 
on the middle group in terms of sustainable index value. For each room possible 
changes were computed generating a report as defined in table 1 for the living room. 
A total of six recommendations were proposed on the target environment in the living 
room, as seen on table 1, in the kitchen and in the bedroom areas. 



Table 1. Example of Recommendations for Living Room  
Appliance Target Room 

(Average Consumption) 
Best Case 

(Average Consumption) Decision 
Lights 120W 65W Change 

Computer 49W 55W Remain 
Television 60W 30W Change 
TV Box 55W - - 

 
Using the PHESS system it was possible to assess that using recommendations on the 
living room alone was sufficient to improve the target environment sustainability 
index. In fact, iterating the recommendation algorithm one more time it can be found 
that if recommendations are followed and user behavior remains equal, the environ-
ment would be selected for the middle group, thus showing improvement. 

3.2 Discussion 
Recommendation calculated can be interpreted as using knowledge created within a 
community to its benefit. The best cases are used as examples to lower ranked cases 
which provide sense of sympathy from one to another. Also, with this approach, it is 
not necessary to maintain a database of efficient objects like appliances or lightning. 
As soon as they appear in the community they may tend to be selected for recommen-

 
In order to further promote the adoption of recommendations and foster better behav-
iors, a social game could be devised using a points system where an environment has 
a default number of points due to the group it is fitted complemented with more points 
as recommendations purposed by the system were followed. It is believed that the 
devised algorithm for sustainability recommendation should work on gamification 
platform providing dynamic objectives and goals which are partial dependent on the 
acceptance of recommendations updated for every environment on a timely basis. 

4 Conclusion 
With the proliferation of social networks, users share significant amounts of infor-
mation. Taking advantage of the number of users inside a community to develop a 
recommendation engine that promotes sustainability as global objective is the objec-
tive of the work here presented. The algorithm results and theoretical background 
support the idea that it possible to use such strategies to drive a social community of 
user to optimize itself if recommendations are followed. 
Nevertheless, practical validation under real environments and a real user base is still 
needed to validate simulation results. This should be accomplished using field tests in 
a community focused on increasing their sustainability.   
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Context-Aware Well-Being Assessment in Intelligent 
Environments 

Fábio Silva, Celestino Gonçalves, Cesar Analide 

Abstract. The implementation of concepts such as smart cities, ambient intelli-
gence and internet of things enables the construction of complex systems that 
may follow users across environments through many devices. One potential ap-
plication is the assessment and assurance of well-being of users within different 
environment with different configurations. This is a complex task that requires 
the capture of the state and context of both users and environments through sen-
sors dispersed across environments and users. 
the emergence of technology that provide enough information to intelligent au-
tonomous systems. Adapting expectations of a well-being assessment system to 
task and context is possible using the new techniques imported from different 
fields such as sensor networks, sensor fusion and machine learning. This article 
encompasses the design and implementation of a platform to evaluate well-
being according to each context and translate it to sustainable indicators. 
Keywords: Sensors Networks, Ambient Intelligence, Sustainable Indicators, 
Well-Being 

1 Introduction 
The internet of things is a new paradigm, in which every device is digitally connected, 
regardless of their function and communicates with other devices and other people 
over communication protocols. It applies both to fixed devices and personal devices 
that accompany people [1].More examples can be enumerated by devices that are 
being incorporated inside the actual body, such as identification chips, smart tattoos 
and alike [2]. Smart city is a term applied to digital research using computational 
methods and systems that results in better, easier and faster management of services 
and goods inside inhabited areas. In this setup, the internet of things acts as a base 
service which enables smart cities applications to collect information directly from the 
environment and people and the integrated fusion of data and information. This bene-
fits the planning of actions to improve the status quo. Among other concerns, health, 
comfort and well-being are topics being addressed in smart cities research [3]. 

If the technologies described under the concepts of smart cites and internet of 
things are perceived as social services, then it is possible to gain access to a new set of 
valuable information on both the environment and users. These trends, despite having 



ethical challenges of their own, present a number of opportunities for society. Senso-
rization, monitoring and sharing of information are terms intimately connected to the 
new intelligent systems being created. Even more, applied research related to health 
organizations and also the well-being of populations or individuals is present in recent 
studies. Connected environments and the act of monitoring comfort parameters are 
not under active research but also regulated by governments. For examples, air quality 
is an area that is actually regulated by governments which define acceptable parame-
ters. Concurrently, research conducted in the field of smart environments studies the 
impact of air composition in health, concentration tasks and psychological comfort. 
As expected, research directions are more specialized than government regulations 
and are being pushed forward by the quality of sensors and sensor networks which 
portrait better and better images of air composition across time and space inside envi-
ronments. There are other examples with equal strategies that aim to better assess and 
diagnose unoptimised or harmful situations with focus on well-being and general 
health [4]. 

The quest for physical well-being is addressed under smart cities by the use of in-
dicators from personal devices such as smartwatches, sport monitors or smart bands 
which among other things can monitor some health parameters such as heart rate, 
blood oxygen levels and sport activities. Research in the body response to environ-
ment parameters is also potentiated by these personal devices that act as personal 
sensors [5]. Their use to calculate more intrusive parameter such heat balance index 
for each individual helps perceive whether it is cold or warm in different situations. 
The environment condition alone is correlated to well-being and comfort status [6]. 
More importantly, there are decisions that can be made using such information that 
may affect both physical and psychological health. Using fixed sensors over special-
ized areas are of interest to assess environments and their impact on heath [7]. For 
instance, projects that monitor city or indoor air quality provide rich information 
about potential health risks that may impair both physical and psychological well-
being. What is more, the availability of digital services allows a faster identification 
and actuation upon these threats. The difficulty gathering and constantly monitor such 
parameters leads to situations where interventions are planned later than they should 
and the problems worse. Social sustainable indicators developed to assess develop-
ment of countries and populations can also be automated using sensory networks with 
devices directly connected with each other that can provide information that would 
normally require expansive survey, and field tests. In the health care community there 
are social indicators as well.  

2 Related Work 
According to the Oxford Dictionary of English, well-being is the state of being com-
fortable, healthy, or happy. In order to assess it, the three subjects should be covered 
by the process conducting such evaluation. 

In a professional environment, according the World Health Organization a healthy 
job is likely to be one where the pressures on employees are appropriate in relation to 



their abilities and resources, to the amount of control they have over their work, and 
to the support they receive from people who matter to them. As health is not merely 
the absence of disease or infirmity but a positive state of complete physical, mental 
and social well-being, a healthy working environment is one in which there is not 
only an absence of harmful conditions.  

Environment and physical working conditions are important organizational risk 
factors [8]. Previous approaches to this work focused on the physical attributes pre-
dicament such as heart rate, and comfort due to environment conditions. The assump-
tion that comfort equilibrium calculation was too complex to perform on a recurrent 
analysis [9] are mostly proved wrong in an intelligent environment equipped with 
smart sensors. Although, some of the algorithms might still be considered complex, 
most mathematical can be used fairly easy by computational systems. From this per-
spective it is possible to perform scoring systems to rate the degree of comfort a user 
experiences. Traditional studies use ergonomic research to estimate ideal parameters 
that are adequate to the space, the people and the task performed. Considering these 
variables, in this study, we can analyse traditional attributes such as temperature, hu-
midity, luminosity, relevant attributes like CO, CO2 and airborne dust. However, it is 
possible to increase the precision of these models, not only estimating individual as-
sessments but also correlated assessments through dedicated indicators with sensor 
and data fusion techniques. As an example there are a number of indexes that can be 
created, namely, perfected temperature, percentage of people in discomfort and stress 
related with heat perception [10] and adequate luminosity for each task. These sensors 
monitor the environment and its attributes looking for suboptimal attributes, however 
relate these attributes with user discomfort or user stress is still a relative study. There 
is another layer, physical human sensors which, in this case, monitor the heart rate for 
each individual inside smart environments. Whenever suboptimal values are detected, 
it will be possible to relate the physical state of each person to the environment attrib-
utes. Psychological and physiological adverse ambient conditions can produce signif-
icantly changes in a person. However authors orient this topic to a set of variables. In 
this particular approach sound, temperature and luminosity are studied as external 
factors that affect well-being and mood states. Previous authors have debated the 
influence of such variables in the impact of mood change in people [11]. Related stud-
ies between stress and well-being and stress recognition can also be found. In [12] we 
can see a wearable system for ambulatory stress monitoring recording a number of 
physiological variables known to be influenced by stress. In [13] author gathers val-
ues from a skin temperature sensor, a heart rate sensor and a skin conductance sensor. 
The signals from the sensors are input into a microcontroller where all the processing 
takes place and carried out though ZigBee technology. Data are stored in a computer 
it is stored for data analysis and feature extraction for emotion recognition.  
There are however ergonomic studies that provide the necessary background to create 
an environment which satisfies the most common needs to keep both the people and 
environments healthy. Although not being an extensive review of possible attributes it 
does indicate a minimum set of possible attributes to start comfort and well-being 
assessments [14].  



3 Context Aware Well-Being System Architecture 
A combination of personal and environmental attributes provides a better representa-
tion of the information required to assess well-being and hypotheses about user condi-
tion, its relation to environment attributes and the activities being performed. Such 
information though not being medically considered as hard prove to diagnosis may be 
used as soft information about condition and habits of living. This system depends on 
the number of sensing devices and attributes considered to make decisions more accu-
rate and expressive. It is also important to adapt the notions of comfort and safety 
according to the context of tasks and activities being performed. Taking knowledge 
from a knowledge base about each environment, for instance relations between sensor 
and event records, it is actually possible to estimate the state of well-being, both cur-
rently and in the future. 

3.1 Environment Evaluation 
A home environment is a particular setup, with a very personal context. Depending on 
job state, a person may spend most of the time in this environment or only after work 
hours. Taking into consideration a typical residence with working people, it is possi-
ble to assess comfort condition and monitor and predict values of comfort.  

From the installation of different sources of sensorization through the environment 
it is possible to measure the impact of each individual attribute in the environment. As 
a personal environment those should be the best suited to assess what each user deems 
as comfortable. However as users can have different meanings for comfort, there 
might exist some exceptions to this assertion. An environment, though not always 
equal it is generally categorized by a population of individuals sharing the same envi-
ronment. Each environment has different requirements according to the specific tasks 
its users perform. An experience to demonstrate the findings of the system proposed 
was designed with a sensors network in place to monitor environment variables. Dur-
ing this experiment a presence control was instituted to add user presence as an attrib-
ute. The description of the summary of the data gathered is available in table 1. 

Table 1. Summarized data retrieved from the environment sensor network 
 Mean Standard Deviation Max Min 

Temperature 19,98 ºC 1,68 ºC 24,88 ºC 17,99 ºC 
Luminosity 122,53 lux 102,49 lux 632,00 lux 0,00 lux 
Humidity 45,69 % 7,39 % 63,19 % 38,86 % 
Number of People 2,27 1,70 10,00 0,00 
The analysis of well-being is inherently different from home and professional con-

figurations due to the fact that the context alters comfort values. Though some of the 
alterations remain within the acceptable range they can be used to introduce differ-
ences in the well-being analysis. 



3.2 Personal Assessment 
Well-being through environment alone is an incomplete study as it disregards the 
effects of user interaction and user behaviour. Under normal circumstances, well-
being should generate values inside the satisfactory range for attributes being meas-
ured. Considering one individual alone, the existence of normal range values for envi-
ronment and abnormal for the personal sensing might lead to the suspicion of some-
thing not right with the individual thus impairing well-being.  

On table 2, a set of indicators gathered from a personal sensorization hardware re-
veals the normal range of attribute date for a given individual. His historic data reveal 
how comfortable he is by assessing most common values after some period of time. 
As the indicator values go up or down the mean and standard deviation being consid-
ered it detects abnormal behavioural pattern and uses majority votes to decide wheth-
er it is really an uncomfortable behaviour or not. 

A practical validation test can be made using records from environment and testing 
them against such data. It was perceived that environment conditions only directly 
affect personal attributes the most when they differ significantly under normal cir-
ment variables ranging inside the comfort zone are less likely to produce chances in 
the normal values from personal sensorization. 

Table 2. Summarized data retrieved from the user sensor network 
 Mean Standard  

Deviation Max Min 
Steps 4177,80 7537,96 5080,00 3245,00 
Blood Pressure 78,42 bpm 19,11 bpm 125,00 bpm 58,00 bpm 
Oximetry 97,45 % 1,02 % 100,00 % 95,00 % 
PMV -0,79 0,86 1,20 -1,72 

3.3 Well-Being Assessment 
Well-being assessment is employed in a two-phase strategy. First, the analysis of 

critical conditions through environment sensory data and secondly, the analysis of 
comfort. At the initial phase, a thorough analysis about each individual attribute is 
made to make sure that each of the sensorized values are non-risk values towards 
human. This evaluation is made both to environment and personal attributes as shown 
in table 3. It is important to deal with information quality and validity. If the evalua-
tion fails at this stage the uncomfortable setup is immediately generated. Even if there 
is only one of the attributes outside what is considered safe range, the resulting classi-
fication is deemed non satisfactory and a 0% well-being is issued as life might be 
endangered.  

Following on to the second phase, with each user profile and environment profile, 
a match between activities and each attribute available is analysed. In the sample test, 
the temperature and luminosity of environments where chosen. Different comfort 
rules are created according to the dominant activities in each environment and the 



ideal configuration is assessed through ranges of values from medical, thermal and 
ergonomic studies present in configuration databases in the system. From this point, a 
weighted percentage is loaded from the database to allow different comfort attributes 
to have more or less impact in the well-being value. The final value of well-being is 
the weighted majority of the satisfaction comfort for each attribute. A percentage, less 
than 100% denotes that at least some attribute being measured is not within comfort 
values for a given time. Finally, a daily assessment considers the average of well-
being satisfaction between measures. 

Table 3. Comfort Reference Values 
Comfort Attribute Lower Limit Upper Limit 

Humidity 20 % 60 % 
Temperature 18 ºC 25 ºC 
Luminosity 50 lux 107527 lux 
Temperature perception (PMV) -1.5 1.5 
Heart Rate (Woman) 60 78 
Oximetry 90% 100% 

Table 4 presents the relative percentages of time the environment was considered 
good for well-being according to the algorithm described with the analysis of the 
attributes and their matching to each other. It is shown that environment configura-
tions are generally portrayed as good in well-being standing but the personal attrib-
utes are lacking more often. In the case of this experiment that is due to non-activity, 
and sedentary lifestyle. Its implications are that, although the environments appear 
well configured, the activities of users are not being considered as good for well-
being. Although with this setup, if the conditions verified are not directly correlated 
between both environment and personal attributes, the weighted average among all 
attributes decides the category of well-being.  

Table 4. Well-Being Assessment Experiment Analysis 
 Environment 

Well-Being 
Personal 

Well-Being 
Well-being 
Assessment 

Environment 97% 78% 83% 
Historical data about environment and both environment and people can be ad-

dressed making up profiles of aggregated information through the use of dashboards. 
These dashboards should contain valuable information for healthcare institutions and 
its professionals to help with patient consult for instance. More than the experience a 
verbal consult with a patient can produce, a virtual conversation is something that 
includes virtual data according to sensing system available. Though the system may 
be assessed with simulation data, it is in the real world data applied to each scenario 
that it usefulness can be extensively validated. For healthcare institution it is possible 
to navigate, through time windows and select only values of selected attributes and 
obtain both a measurement dashboard as well as a well-being classification. The input 
in the system are dependent in the number of attributes measured by the sensor net-



work in place and the capability of its devices. The further specialized the devices and 
information is the further the quality of information and the validity of these analysis. 

4 Conclusion 
The development of our well-being as human beings is something that should not be 
overlooked. Like other important subjects to our daily life, continuous development 
and improvement is desirable and an objective. Systems such as these are starting to 
appear through the research community and as exploratory projects within large en-
terprises. While not identifying themselves as health organizations, their goal is to 
promote the investigation of well-being through the population whilst increasing the 
information available. Consequently, this leads to building large databases about user 
behaviour and environment conditions. This also starts the study of communities and 
the impact of behaviours and environment on health and comfort through large sets of 
population strengthening existent knowledge with large validation test, but most im-
portantly creating the opportunity to generate new and improved knowledge by ana-
lysing these records. Seemingly close behaviour in different conditions can generate 
different results, it can be comparable to the butterfly effect, where a small change 
can have great implication on the whole system towards a positive or negative result. 
The categorization of these conditions may improve not only well-being but health as 
well. The promises and the large research body around these themes indicates that 
these technologies and these research considerations are valid. They are even today 
the object of pursuit by society as a mean to improve living conditions. 

A future approach to this study should include distribution analysis between the 
historical data on a given time window and the sensorized values. This envision may 
also help annotate different states of comfort through building and the people inside to 
better map how the environmental attributes of such buildings affect the well-being of 
people. As tried in the experimental framework to detect stressful moods (Silva et al., 
2013), where a testbed was used to perceive different room states during the day and 
the classification of probable well-being. 
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Abstract  Intelligent environments and ambient intelligence 

enabled systems provide means to gather rich information from 
both environments and its users. With the help of such systems, 
it is possible to foster communities of ambient intelligence sys-
tems with community driven knowledge, which is created by 
individual actions and setups in each of the environments. Such 
arrangements provides the potential to build systems that pro-
mote better practices and more efficient and sustainable envi-
ronments by promoting the community best examples and en-
gaging users to adopt and develop proactive behaviors to im-
prove their standings in the community. This work aims to use 
knowledge from communities of intelligent environments to 
their own benefit. The approach presented in this work uses 
information from different environments, ranking them accord-
ing to their sustainability assessment. Recommendations are 
then computed using similarity and clustering functions rank-
ing users and environments, updating their previous records 
and launching new recommendations in the process. Gamifica-
tion concepts are used in order to keep users motivation and 
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engage them actively to produce better results in terms of sus-
tainability. 
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I. INTRODUCTION 
ustainability is a multi-disciplinary area based in fields 
such as economy, environment and sociology. These 
fields of research are interconnected, but humans have 

different psychological approaches to them. Thus, is neces-
sary to perceive the behaviors behind each multi-disciplinary 
area. A computational platform to support and promote a 
sustainable environment, together with an approach to the 
energetic and economic problems, must take the decisions as 
smoothly as possible so as not to cause discomfort to the 
user. This topic triggered several psychological researches 
[1], [2] and a common conclusion indicates that humans are 
not always conscious about their behavior [3]. This field, 
called psychology of sustainable behavior, despite focusing 
on measurement and understanding the causes of unsustain-
able behavior, it also tries to guide and supply clues to be-
havior change. Manning [4], shows some aspects that are 
necessary to consider promoting and instilling in people 
sustainable behaviors: 
 All behavior is situational, i.e., when the situation or 

event changes, the behavior changes; even if exists inten-
tion to perform a certain behavior, circumstances can 
make it change; 

 There is no unique solution, i.e, people are all different 
because they have different personalities, living in a spe-
cific culture, with distinct individual history; 

 Fewer barriers leads to a great effect, i.e., when a person 
is facing social, physical and psychological obstacles, his 
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attitude tends to flinch; for instance, the lack of 
knowledge about a procedure leads to a retreat; 

 There is no single approach to make an action attempting 
achievement of sustainability; there are many sustainable 
possible options that a person  can choose. 

To overcome these barriers to sustainability, it is suggested 
the engagement of multiple users in a competitive environ-
ment of positive behaviors so that participants have the need 
to strengthen their knowledge of sustainable actions.   
Energy efficiency, which represents optimal use of energy to 
satisfy the objectives and needs from users, environments 
and interactions between them, is also an important topic to 
sustainable environments, although not the only one. Ac-
cording to Herring studies [6], over the last 25 years, the 
increase in the efficiency of domestic appliances has been 
nullified by the increase of the use of energy consumption 
devices. Initial results from energy efficiency policies state 
that small changes in habits can save up to 10% in home 
energy consumption [7]. On the other hand, sustainability 
represents the assurance that environments, users and inter-
action between them can be endured and, as a consequence, 
the future replication of the current patterns is not compro-
mised. Both concepts, sustainability and energy efficiency, 
are not opposed to the use of energy, but they do remind 
people to be effective on how resources are used and the fact 
that sustainability concerns the viability of current actions in 
the present and in the future.  

A. Computational Approach to Sustainability 
Currently, different approaches to measure and assess sus-
tainability are addressed in the literature. Some focus on an 
economic perspective while others emphasize environmental 
or social perspectives [8]. On a computer science perspec-
tive, although not being able to directly solve the sustainabil-
ity problem, it can plan and develop solutions to measure 
and assess sustainability automatically from an environment. 
This is not due without obtaining information about the envi-
ronment and its users. The scientific research field of Ambi-
ent Intelligence provides a wide spectrum of methodologies 
to obtain such information in a non-intrusive manner. 
The types of sensors used in the environment may be divided 
into categories to better explain their purpose. Generally, an 
ambient might be divided by sensors and actuators. Sensors 
monitor the environment and gather data useful for cognitive 
and reasoning processes [9]. Actuators take action upon the 

environment, performing actions such as controlling the 
temperature, the lightning or other appliances. In terms of 
sensorization, environment sensors can be divided into sen-
sor that monitor environment or sensor that monitor the user 
and its activities. This division of sensor classes can also be 
presented in a different form, taking into consideration the 
role of the sensor in the environment [10]. In this aspect, 
sensors might be divided into embedded sensors are installed 
on objects, context sensors provide information about the 
environment, or motion sensors. 
Envisioning the potentials from computational systems to 
promote and guarantee sustainability requires all types of 
sensor classes, as present in some initial project that perform 
real-time sustainability and energy management [11], [12].   

B. Sustainable Indicators 
Sustainability is a multidisciplinary concept related with the 
ability to maintain support and endure something at a certain 
rate or level [13]. The United Nations have defined this 
concept as meeting the needs of the present without com-
promising future generation to meet their own needs.  
Due to the importance of sustainability different author have 
defined measures to assess and characterize sustainability. A 
popular consensus is based on 3 different indicators used to 
measure the sustainability of a given environment [13]. This 
approach is based on three different types of indicators, 
social, economic and environmental with the specific re-
striction that until all those values are met a system cannot 
be deemed sustainable. From this perspective sustainability 
concerns a delicate equilibrium between different indicators 
which action to optimize one indicator might affect the other 
two. 
The presence of indicators to assess sustainability is an es-
tablished practice [14],[15], however it does not give any 
information on how to guarantee or plan sustainability. In 
fact, indicators only inform about the current status of a 
system. Common problems with this practice are enumerated 
in the literature, [15]. The definition of global sustainable 
indicators, as a means to compare environments, is difficult 
since environments have different characteristics. Selection 
and formal definition of indicators is, also, a matter of con-
cern as it has to be agreed by all participants and must have 
a series of properties, in which the indicators express their 
relevance. Some authors approach this problem characteriz-
ing these properties as dimensions, where some indicators 
are more important in some dimensions than in others, while 



monitoring the same object. One other problem is the defini-
tion of measuring units and metadata. If not defined accord-
ingly, it may be impossible to compare indicators of the 
same type. Measuring data makes it possible to obtain an 
indicator which might have a range of optimal values and a 
range of non-optimal values.  
The use of indicators for sustainability assessment is a com-
mon practice across many researchers. Nevertheless, the 
definition of a sustainable indicator is sometimes difficult 
and it may differ from environment to environment. In intel-
ligent buildings, there are proposals to build Key Perfor-
mance Indicators (KPIs) to monitor sustainability and act as 
sustainable indicators [11]. It has also been identified that 
indicators are useful at pointing unsustainable practices but 
not so accurate nor useful to define and guarantee sustaina-
bility [16]. Frameworks to evaluate energy efficiency 
through sustainability in the literature use similar approach-
es. The goal of energy efficiency was obtained optimizing 
sustainable indicators which monitor a set of specific energy 
sources [15]. Industrial environments are also object of en-
ergy efficiency projects. In Heilala et al. [11], an industrial 
AmI is proposed to optimize energy consumption. The main 
technique used by the AmI system is based on case based 
reasoning, comparing the data gathered and processed in the 
AmI with EUP values to assess and diagnose possible inap-
propriate energy usages. An intelligent decision support 
model for the identification of intervention needs and further 
evaluation of energy saving measures in a building is pro-
posed Doukas et al. [7]. The demonstrated concept shows 
that it is possible to have an intelligent model to perform 
energy management on a building, combining aspects like 
ambient climate conditions, investment rates, fuel, and car-
bon prices, and, also, past experiences. 

C. Gamification and Information Diffusion 
The current and more consensual definition, and one with 
which we agree and chose to follow, is "the use of game 
design elements in non-game contexts [17]. While the con-
cept is recent, the idea from which it is based is not. The 
notion that the design of the user interface can be built by 
other design practices has some tradition in HCI (Human-
Computer Interaction); during the first peak in the develop-
ment of computer games, in the early 80s, some authors 
[18], [19] analyzed game designs in order to create more 
interesting and pleasing visual interfaces.  

The interest in gamification is due to its influence to change 
people behavior through gamification elements. There are 
already many studies in regard to gamification, where people 
use IT to change the behavior of the systems in order to 
make them more efficient.  Still, there is a common trait 
among them, they are oriented to efficient actions of a sys-
tem and not to the efficient actions of the user [20]. Chang-
ing the former is determining what should be its behavior, 
while changing the latter means changing their habits, the 
behaviors that they acquired. In order to tackle this problem, 
two main concepts can be put in practice: Gamification and 
Information Diffusion.  
In [21], gamification is applied in education where the au-
thors try to take the elements from the games that lead to the 
engagement and apply them inside the school to the students 
to keep them motivated. Another example uses a framework 
that allows users to share their daily actions and tips, review 
and explore others people actions, and compete with them 
for the top rank by playing games and puzzles [22]. On an-
other example authors developed a service-oriented and 
event-oriented architecture framework where all participants 
communicate via events over a message broker. This system 
is composed by a set of game rules that define game ele-
ments like immediate feedback, rank/levels, time pressure, 
team building, virtual goods and points (karma points, expe-
rience points). Completing game rule generates a reward 
event for the user over the message broker. There is also an 
analytical component that may be used to analyze user be-
havior in order to improve game rules and optimize long-
term engagement [23]. 
As for the second concept, Information Diffusion, this can 
be applied specifically to social networks. What various 
studies have proven [24] [25] [26] is that social networks 
have the potential to diffuse information at a high rate. Be-
sides this point, they can also influence other peers to partic-
ipate by sharing content. The use of social networks, also 
mentioned above, has the goal of enhancing the engagement 
of the users to higher levels by bringing the results to public 
responsible for his actions at the eyes of the respective net-
work. As we can see through the examples presented, the 
application of gamification can raise the levels of loyalty of 
the users and keep them engaged in our objective by making 
it more enjoyable. 



II. STUDIES ON SUSTAINABILITY ASSESSMENT 
A. People Help Energy Savings and Sustainability 

People Help Energy Savings and Sustainability (PHESS) is a 
project currently being developed at Intelligent Systems 
Laboratory at University of Minho [15], that was used to 
conduct preliminary studies in sustainability assessment. It 
concerns a multi-agent platform (fig. 1) developed to moni-
tor environments as well as its users and perform sustainabil-
ity assessments, actions and recommendation. The platform 
establishes an ambient sensorization routine upon the envi-
ronment, constantly updating sustainable indicators built 
upon raw data from environment sensors and contextual 
information.  
 

 Fig. 1 - PHESS architecture 
 
In order to facilitate management and operational coordina-
tion, the system was divided into modules and sub-routines, 
implemented as software agents acting collaboratively in a 
multi-agent system. There are a total of 3 modules in the 
PHESS system: 

 data gathering level, responsible for obtaining infor-
mation about the environment and its user using 
dedicated hardware and software services availa-
ble; 

 reasoning and contextual level, responsible to use in-
formation gathered and update machine learning 
model, profile users and environment, maintain in-
dicators and perform reasoning tasks upon the in-

formation acquired in order to deliver actions plans 
and recommendation to users; 

 acting level, responsible to communicate with envi-
ronment users, informing user of possible recom-
mendations and controlling actuators in the envi-
ronment according to user consent and preferences. 

Sustainability indicators are used to translate the perfor-
mance of environment and user actions into numeric values 
that can be used to perform rankings and assessment on 
recommendation created in the reasoning and contextual 
level. They represent the current, real time assessment of the 
environment taking into account historic and real time data. 
The aim of the platform is not only to assess and identify 
unsustainable practices but also act with the objective of 
improving sustainability indicators. For such to happen, user 
behavior and environment might need to be changed. How-
ever, how the change is conducted cannot be determined by 
sustainability indicators alone.  
As a multi-agent system, in the data gathering level in the 
PHESS platform includes sensing agents responsible for 
controlling the access and delivery of ambient sensor data 
model and reason agents in the reason context level. Model 
agents are responsible to monitor changes in the environ-
ment creating models with patterns common pattern and 
predictors for sensor value. Moreover, model agents may 
also be responsible for maintaining user or environment 
sustainable indicators updated. Reason agents use context 
information to formulate hypothesis in order to create rec-
ommendation, optimize environments and behaviors. This 
knowledge inferred from agents is then used in acting agents 
in the Acting level in this platform. 
The process of using indicators from different environments 
to create and promote recommendation was developed upon 
the PHESS to provide familiar recommendations backed up 
by members of a community. This development is part of the 
work described in this paper and will be detailed in section 3 
with its advantages and disadvantages. Before detailing the 
recommendation system, an initial explanation about the 
sustainable indicators and sustainable assessment is neces-
sary to understand the process of creating recommendations.  

B. Sustainability Assessment 
The sustainable assessment used in PHESS, uses different 
indicators within each dimension of the sustainability defini-
tion. This approach was also used by researchers, which 
used these indicators to guide strategic options and perform 



decisions based on the foreseeable impact of such measures 
[14], [15]. The indicators used in this work are devised to be 
directly comparable to each other regardless of units or the 
specificity of each indicator. These indicators represent a 
ratio between a positive and negative contribution to sus-
tainability and their values are computed in the -1 to 1 range, 
equation 1. As a consequence, all indicators use the same 
units of calculation and can be aggregated within each di-
mension through the use of weighted averages. The use of 
these indicators is made within each division in the environ-
ment and aggregated through average in the environment. 
Examples of indicator are provided in table I where the vari-
ables used as positive and negative values in equation 1 are 
displayed. 
 

 (1) 

   
In order to deliberate about sustainability performance it is 
needed to rank solutions rewarding each solution with a 
sustainable score, equation 2. Indicators within each dimen-
sion of sustainability are averaged according to weights 
defines in each dimension.  
 

TABLE I INDICATOR DEFNITION 
 Positive Negative 
Economic Budget  Consumption 
Environmental Emissions  Estimated Emissions 
Social User inside User outside 
 
The use of ranking formulas enables the use of fitness func-
tions and distance functions to help calculate distances from 
one sustainable solution to another. Such approach in ex-
plored in section 3, integrated in a case based reasoning 
algorithm and custom sustainable indicators used to perform 
a proof-of-concept analysis on the proposed algorithm. 
 

 (2) 
 
Provided with data from the PHESS system it is possible to 
use such formulas to characterize environments and users 

according to the same indicator, as well as identify their 
performance accordingly. As demonstrated in table II and 
table III, it is evidenced that the performance of each room 
in a sample environment is affected differently according to 
how they are used, as well as, user behavior affects their 
indicator values. These results were obtained using the sam-
ple indicators in table I across a sample environment for a 
period of 3 days. 
 

TABLE II 
SAMPLE RESULTS FROM PHESS SYSTEM 

 Social Economic Environmental 
Kitchen -0.9011 -0.6859 -0.3263 

Bedroom 0.1818 0.9936 0.9024 
Living Room -0.5294 0.1040 -0.2963 

Hall -0.9690 0.9968 0.9954 
WC -0.9900 0.9968 0.9858 

 
TABLE III USER ASSESSMENT 

 Social Economic Environmental 
User 1 -0.004 0.3241 0.281 
User 2 0.500 0.927 0.422 

 
C. System analysis 

Although the PHESS system is able to extract information 
from environments and users with significance to perform 
assessments and recommendation tasks. It was found that the 
utility of the system depended on how well suggestion are 
followed and how user adhere to the suggestions being 
made. Moreover, the use of sustainable indexes is a fast way 
to categorize action and identify improvement needs but user 
stimulation to correct such problematic areas is not present. 
In fact, most systems do not account for the need to motivate 
user to take action preferring only to make assessments and 
suggestion to present their findings to users. 
There is an opportunity to use computational methods to 
promote user action on the system, namely with the use of 
social networks and concepts of gamification. As the im-
provement of environments and user action is dependable on 
how user follows recommendations it is of significant im-
portance to improve justification for recommendations and 
promote them. Over the next section a social recommenda-
tion engine is detailed as well as a gamification implementa-
tion based on the data retrieved by PHESS. 



III. RECOMMENDATION ENGINE 
A. Social Recommendation Engine 

The recommendation engine is intended to help communities 
of intelligent systems let users promote practices from dif-
ferent physical environments with high sustainability indexes 
to others with a recommendation engine. In order to summa-
rize each environment, it was designed a sustainability pro-
file, stating environment and individual room sustainability. 
Environment indicators are calculated from the use of ag-
gregated individual room indicators, taking advantage of the 
indicator structure detailed in section 2 indicators for each 
dimension of sustainability.  
The case based reasoning used in this situation uses a two-
step process to evaluate and calculate new solutions for the 
user. As an initial step, the type of environment is contextu-
alized, for instance, sustainable index, number of divisions 
and room indicators. A second step concerns the recommen-
dation phase, and uses room indicators to obtain the best 
solution for the planning of energy use and appliance substi-
tution.  
The action flow is detailed in figure 2, where from an initial 
set of grouped environments a target environment can be 
compared to environments in higher ranked groups.  
 

 Fig. 2. Social recommendation engine 
 
The initial grouping of environments is made using K-means 
algorithm on the sustainable index of each environment with 
a fixed size for number of groups. The retrieval of compara-
tive cases is extracted with the help of similarity functions. 
In this case, similarity is computed using environments from 
higher ranked groups and an average Euclidean distance 
from the distance value, computed for the three sustainabil-
ity indicators, in every room. This procedure is used taking 
in consideration the room type, as distances are only calcu-
lated for rooms of the same type. The selection of environ-

ments favors the longest similarity distance for the value of 
the indicators in order to help the impact of possible recom-
mendations in the environment. Finally, the list of alternative 
recommendations is obtained, comparing the room types of 
the target environment to rooms of the same type in the se-
lecting environment. Any differences found are matched as 
possible change scenarios, favoring the options taken in the 
selected environment. 
It is useful to remember that sustainable indicators are calcu-
lated from data acquired from each environment on a timely 
basis. The natural consequence is that as time progresses the 
values of these indicators which might result in environ-
ments exchanging the group they were previously. 
This dynamic works for the benefit of the system as the se-
lected cases for comparison within each group are changed 
each time these variations occur enticing environments users 
to adopt behaviors that do not lead their environment to 
move to lower ranked groups. 

B. Gamification Implementation 
In this section, the implementation of gamification elements 
is provided as a means to promote healthy competitions 
between users and their environment in terms of sustainabil-
ity and energy efficiency.  
Management of user standings and performance is done 
through web interfaces in which the user is able to monitor 
the gamification elements devised for him. 
The following list details each Gamification element or dy-
namic implemented. Gamification elements implemented: 

 Points, awarded daily according to metrics defined in 
the system;  

 Levels, user standings according to the number  
 Achievements, personal objectives launched to user 

which grant them extra points if followed; 
 Leaderboards, visual demonstration of users  rank-

ings according to each other. 
These elements were integrated into the developments of 
PHESS as a mean to promote completion between user with 
the general objective of increasing sustainable indicators in 
each environment and user action. As so, the points reward-
ed in the gamification side are based on the sustainable indi-
cators retrieved by PHESS on a daily basis. Levels group 
player according to their experience and similar point base. 
Achievements for each player are based on the recommenda-
tions obtained by the social recommendation engine from 
which suggestions are turned into achievements. Finally 



leaderboards represent the list of players with their current 
standings. Communication with the PHESS system is made 
asynchronously through communication agents responsible 
for data synchronization. It is expected that by implementing 
such mechanisms user suggestion acceptance increases, and 
that user take continuous efforts to improve even when 
changes rewarding changes are not proposed through the 
recommendation engine but they are perceived by human 
intellect. 

IV. RESULTS 
In order to provide results from the application of each com-
ponent and their benefits a controlled case study was de-
vised. As such, 4 environments were used with the PHESS 
system implemented using simulation tools available in the 
PHESS framework. All environments were assessed using 
the same group of sample indicators. For the social indicator 
a positive value is represented by the amount of time spend 
inside the room whereas the negative value is represented by 
the time outside. Likewise for economic indicator a positive 
value is represented by the current budget available and the 
negative the total amount spent. Regarding the environmen-
tal indicator, emissions are derived from the CO2 emission 
derived from electricity report for the negative value and 
emissions avoided as the positive value. Each case is main-
tained in a profile database and it is updated using the 
PHESS multi-agent platform. Environment appliance con-
figuration and user behaviors simulate different configura-
tions and user profiles simulating a heterogeneous communi-
ty. The setup recreated typical environments commonly 
found, such as apartments with a bedroom, living-room, 
kitchen, bathroom and a hall connecting all the other rooms. 
Inside each room, a set of appliances was also defined rang-
ing from lights and computers to ovens and refrigerators 
with different consumption patterns. The consumption of 
appliances was defined from their active use and explicit 
turn on/off actions from user action simulated in the envi-
ronment. 

A. Recommendation Engine 
In order to test the recommendation system the environments 
in the test scenario were divided across 3 groups using the 
algorithm detailed in section III. The initial step requires 
information about each environment, namely sustainable 
indexes for each environment and sustainable indicators for 
each room inside each environment. With information about 

sustainability on each environment groups was generated 
resulting with the first group concentrating two of four envi-
ronments, and one for each of the remaining two groups. 
Focusing on one of the environment on group with poorer 
sustainable index, a comparison was made using the envi-
ronment on the middle group in terms of sustainable index 
value. For each room possible changes were computed gen-
erating a report as defined in table 1 for the living room. 
A total of six recommendations were proposed on the target 
environment in the living room, as seen on table 1, in the 
kitchen and in the bedroom areas. 
 

TABLE IV RECOMMENDATION SYSTEM REPORT 
Appliance 

Target Room 
(Average Con-

sumption) 
Best Case 

(Average Con-
sumption) 

Decision 
Lights 120W 65W Change 

Computer 49W 55W Remain 
Television 60W 30W Change 
TV Box 55W - - 

 
Using the PHESS system it was possible to assess that using 
recommendations on the living room alone was sufficient to 
improve the target environment sustainability index.  
In fact, iterating the recommendation algorithm one more 
time it can be found that if recommendations are followed 
and user behavior remains equal, the environment would be 
selected for the middle group, thus showing improvement. 
Observing the behavior of the community it is possible to 
assess that the recommendation system is based on the 
knowledge present within the community.  
 

 Fig. 3 Number of recommendations by algorithm iteration according to 
user acceptance 
 



If recommendation are always followed, (100% acceptance) 
the number of changes proposed converges to zero when 
environment setups become identical, a point where further 
improvisation is compromised. Depending on the rate of 
acceptance of the suggestions this convergence can be slow-
er or faster as showed in figure 3. 

A. Gamification 
In order to test the dynamics of the gamification elements 
proposed, tests were simulated using the PHESS system and 
the gamification system. The points were calculated based 
on economic sustainable indicator values in the environment 
and user behavior. 
In order to further simulate typical situation inside communi-
ties within the four environments the first two were setup 
with more efficient appliances than the latter two. However, 
through the different days of use, the first two environment 
neglected the recommendation proposed as achievements 
while the others followed them. As it can be seen in figure 4, 
the gamification elements favor environments were recom-
mendations are followed but the initial efficiency is also 
taken into consideration as through the first days although 
recommendations were followed it was not enough to sur-
pass the first two environments. 
 

 Fig. 4. Environments evolution in the gamification process 
 

B. Improvement of sustainable indexes 
Recommendation calculated can be interpreted as using 
knowledge created within a community to its benefit. The 
best cases are used as examples to lower ranked cases which 
provide sense of sympathy from one to another. Also, with 
this approach, it is not necessary to maintain a database of 
efficient objects like appliances or lightning. As soon as they 

appear in the community they tend to be selected for rec-
 

In order to further promote the adoption of recommenda-
tions and foster better behaviors, gamification elements are 
applied, which in turn, reward sustainable and efficient ac-
tions in the community of users and environment. Such re-
wards are heavily influenced by sustainable indicator de-
vised in the PHESS system, and to climb leaderboards ulti-
mately means to improve such indicators. Additionally, the 
implementation of recommendations rewards instantaneous 
points but in order to maintain the benefits such recommen-
dation need to provide long term effects in the system after 
applied.  
Nevertheless, the w
attention in order to promote its sustainable completion. As 
there is no safe way to do such thing our implementation is 
also dependent on user reaction to recommendation and 
gamification elements to keep improving their standings. But 
assurance was made to guarantee that in the better gamifica-
tion results also mean better sustainable environments. 

V. CONCLUSION 
Ambient intelligence, social networks and gamification pre-
sent an opportunity to innovate on how to guide and manage 
resources and human actions making them both more effi-
cient and sustainable. Users share significant amounts of 
information and by taking advantage of both data gathered 
by sensorization platform and user input it is possible to 
build communities and maintain evolutionary recommenda-
tion engines that promotes sustainability. The algorithm 
results and theoretical background support the idea that it 
possible to use such strategies to drive a social community 
of user to optimize itself if recommendations are followed. 
Concepts from gamification also help stimulate competive-
ness between users resulting in a desire to achieve the global 
objective with more determination and proactively. Never-
theless, a wide practical validation of results, under a greater 
set of environments and a user base, is still needed to thor-
oughly validate findings. This should be accomplished using 
field tests in a community focused on increasing their sus-
tainability. Furthermore, in order to provide data for the 
system engine it is needed some specific hardware in order 
to sense an environment current conditions. Thus, the cost of 
sensorization and hardware needed should be minimized in 
large tests as to reduce management costs. 
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Abstract  Road traffic is a problem which is increasing in cities 

with large population. Unrelated to this fact the number of portable 
and wearable devices has also been increasing throughout the 
population of most countries. With this advent, the capacity to 
monitor and register data about people habits and locations as well as 
more complex data such as intensity and strength of movements has 
created an opportunity to contribute to the general wealth and 
comfort within these environments. Ambient Intelligence and 
Intelligent Decision Making processes can benefit from the 
knowledge gathered by these devices to improve decisions on 
everyday tasks such as deciding navigation routes by car, bicycle or 
other means of transportation and avoiding route perils. The concept 
of computational sustainability may also be applied to this problem. 
Current applications in this area demonstrate the usefulness of real 
time system that inform the user of certain conditions in the 
surrounding area. On the other hand, the approach presented in this 
work aims to describe models and approaches to automatically 
identify current states of traffic inside cities and use methods from 
computer science to improve overall comfort and the sustainability of 
road traffic both with the user and the environment in mind.  Such 
objective is delivered by analyzing real time contributions from those 
mobile ubiquitous devices to identifying problematic situations and 
areas under a defined criteria that have significant influence towards 
a sustainable use of the road transport infrastructure.  
 

Keywords  Traffic Expression, Smart Cities, Computational 
Sustainability   

I. INTRODUCTION 
urrent trends such as smart cities and the internet of 
things has focused attention towards the quality of 
living and well-being inside big cities . It is also 

believed that most people will be living inside cities until 
2050. If true, such statement would predict the increase of road 
traffic in cities that were not neither originally designed nor 
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prepared to handle such influxes of traffic. Ambient 
Intelligence (AmI) is a multi-disciplinary subject that is 
equipped with procedures that may help solving such problems 
taking advantage of fields such sensing systems, pervasive 
devices, context awareness and recognition, communications 
and machine learning. It is currently applied in a number of 
applications and concepts in fields like home, office, transport, 
tourism, recommender and safety systems, among others [1] .  

Road traffic analysis is an expensive and time consuming 
task which traditionally involves direct evaluation and field 
studies to assess and evaluate the impact of the flux of traffic 
in certain cities. An alternative to this is simulation 
experiments provide possible scenarios under which some 
assessment can be made. However, the downside of simulation 
lies in the use simplified models that are thought to mimic 
reality when in fact they may differ to some degree. 
Ubiquitous sensorization may be used to assess current traffic 
conditions, avoiding the use of costly field studies. Example of 
ubiquitous sensitization can already be found in certain areas 
such as traffic cameras and smart pressure detectors to assess 
traffic flow in specific points. This sensing is limited to the 
area it is implemented and does not provide information 
outside its operating range [2], [3]. More complex studies can 
be made with portable ubiquitous devices that follow drivers 
either because there a sensing device in the vehicle or the 
person driving carries a portable sensing device able to capture 
data related to driving. The nature of mobile ubiquitous 
devices also enable the possibility of direct analysis of driver 
behavior and community habits (points of congestion, high 
speed hazardous corners, aggressive sites) assessed trough the 
statistical treatment of driving records and offer safer 
alternatives for navigation with such information. These 
models have a direct impact diagnosing the current state of 
traffic and traffic behaviors to each route that may be used in 
modern GPS navigation systems, as an additional parameters. 

Other approaches for the use of ubiquitous sensing devices 
involve real-time safety assessment, in [4] and [5] where a set 
of indicators is used to assess driving safety. Such indicators 
take into consideration the time of reaction, vehicle breaking 
time and whether or not there is a collision course. Yet, the 
analysis is still limited to the visible surrounding area and 
activities such as identification of other vehicles within the 
nearby space with the help of video interfaces disregarding 
sources of information outside that scope. In transport 
applications inside an area also known as Smart Cars, the AmI 
system must be aware not only of the car itself and its 
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surroundings, but also of the driver's physical and 
physiological conditions and of the best way to deal with them 
[6]. The driver's behavior is important with several authors 
proposing machine learning and dynamic models to recognize 
different behaviors in drivers [7]. There are also examples of 
applications integrating AmI and ubiquitous principles in 
driving and traffic analysis. In [8], it is described a monitoring 
and driving behavior analysis system for emerging hybrid 
vehicles. The system is fully automated, non-intrusive with 
multi-modal sensing, based on smartphones. The application 
runs while driving and it will present personalized quantitative 
information of the driver's specific driving behavior. The 
quality of the devices used to perform such monitoring have a 
direct relationship to the quality of the measurement, thus, in 
this case, it is the main source of measurement error which 
needs to be controlled and contained to known error values 
order to make this study effective to production use. Other 
advantages include the possibility to increase information 
quality and create new routing styles in existing navigation 
driving style or accident or hazardous events rate during the 
routing planning phase.  

Other approaches to analysis of driving behavior can be 
found in [9] a mobile application assesses driving behavior, 
based on the identification of critical driving events, giving 
feedback to the driver. The I-VAITS project [6] is yet another 
example that pretends to assist the driver appropriately and 
unobtrusively, analyzing real-time data from the environment, 
from the car and from the driver itself, by the way the driver 
uses the different elements of the car, their movements or 
image processing of their face expressions. In [10], in the 
context of a car safety support system, an ambient agent-based 
model for a car driver behavior assessment is presented. The 
system uses sensors to periodically obtain information about 
the driver's steering operation and the focus of the driver's 
gaze. In the case of abnormal steering operation and unfocused 
gaze, the system launches proceedings in order to slow down, 
stop the car and lock the ignition. 

An alternative approach to the use ubiquitous sensing is to 
gather information about the condition of the environment the 
driver is in, mapping it to further use. In the Nericell system 
[11], from Microsoft Research, monitors road and traffic 
incorporated sensors, but it can also detect honking levels, 
road condition and potholes as an example. 

In what refers to devices used, there are today a wide range 
of options that can be used. The most effective should be 
portable devices that are always present and can perform 
such list, there are devices like smartphones, smartwatches, 
and intelligent wristbands. Those offer the advantage of 
accompanying user from one situation to another, however 
there are devices that can be used that are more specialized 
such as the internal computer of a car. In this last case the 
object itself becomes part of the car which might increase its 

production cost while on the other hand multi-purpose portable 
devices might suffice to the work described.  

The work described in this paper tries to enhance ubiquitous 
sensing for driving applications with the objective to support 
the concept known as sustainable driving. It requires the 
gathering of information about traffic condition but also, 
consciousness about sustainability dimensions such as 
environment, economic and social. With this in mind 
optimization should consider more than just economic aspects 
of driving, but also consider fuel emissions and social aspects 

, attention and driving style. Such work 
should complement existing other works and act as a platform 
for smart city traffic assessments. Moreover, the information 
generated by such system may be useful to third party systems 
which may use the knowledge base in their management 
applications and management systems. 

II. COMPUTATIONAL SUSTAINABILITY 
A. Computational Problem 
The term computational sustainability is used by researcher 

such as Carla Gomes [12] to define the research field where 
sustainability problems are addressed by computer science 
programs and models in order to balance the dimensions of 
sustainability. It is accepted that the world ecosystem is a 
complex sustainability problem that is affected by human and 
non-human actions. In order to tackle these problems complex 
management systems should be put in practice in order to 
predict a number of attributes related to the sustainable 
problem at hand. Nevertheless, the pairing between computer 
science and the study of sustainability is as old as the 
awareness of sustainability and the availability computing 
systems. It is a fact that, as computational power capacity 
increased over time so did the complexity and length of the 
models used to study sustainability. The advent and general 
availability of modern techniques from artificial intelligence 
and machine learning allowed better approaches to the study of 
sustainability in a wide range of domains such as smart cities 
and transport systems.  

Classical computational sustainability problems are not only 
found in smart grids, pollution, and distribution of energy but 
also city traffic. Considering the definition of sustainability 
and the topic of traffic expression, the use of computational 
methods to monitor and assess and optimize the transport 
efficiency are already used in systems today [2], [13], [14]. 
Nevertheless, the efficiency problem need to consider all 
dimensions of sustainability in order to become complete. The 
systems need to concern the optimization of not only traffic 
flow, economy and emission but also emissions, safety, and 
driver awareness. 

In order to proceed to the collection of data and information 
required for the assessment of transport and traffic 
sustainability there are a number of topics under computer 
science that may be used. Perhaps, the most obvious would be 
the traditional methods of information acquisition through the 



 
sensorization of the environment and users, ambient 
intelligence, ubiquitous computing and information and data 
fusion. Less obvious techniques, concern the dynamic 
modelling of the environment and simulation of real world 
states when subjected to the conditions under study. The 
computational problem is therefore created by the means used 
to acquire this information and the resolution of the problem 
under the computational sustainability which include resource 
constraint optimizations, the satisfaction of dynamic models 
and preservation of statistical behaviors and actions. 

B. Sustainable Driving 
Traffic assessment is directly related to trending topics such 

as ubiquitous and pervasive methods that allow the balancing 
of economic, environmental and social factors needed for 
sustainable development. A new emerging and 
interdisciplinary area, known as Computational Sustainability, 
attempts to solve problems which are essentially related to 
decision and optimization problems in correlation to welfare 
and well-being. Due to its importance, some researchers have 
discussed and proposed quantification methods, and modelling 
process for sustainability [15], [16].  

Often, decision and assessment are based on measurements 
and information about historical records. Indicator design 
provides an explanation on why such decisions are being made 
and it often uses information fusion to create and update its 
values. From a technological point of view, indicator analysis 
uses different and sometimes nonstandard data which sounds 
feasible by technological data gathering software that collect, 
store and combine data records from different sources. In the 
case of transportation systems, the assessment of the impact of 
a given driving pattern is made over sustainability indicators, 
like fuel consumption, greenhouse gas emissions, dangerous 
behavior or driving stress in each driv   

Applications and systems that deal with this information 
acquisition and reasoning are already present in the literature. 
A system to estimate a driver profile using smartphone 
sensors, able to detect risky driving patterns, is proposed in 
[17]. It was verified whether the driver behavior is safe or 
unsafe, using Bayesian classification. It is claimed that the 
system will lead to fuel efficient and better driving habits. In 
[18], and in addition to car sensory data, physiological data 
was continuously collected and analyzed (heart rate, skin 
conductance, and respiration) to evaluate a driver's relative 
stress. The CarMa, Car Mobile Assistant, is a smartphone-
based system that provides high-level abstractions for sensing 
and tuning car parameters, where by developers can easily 
write smartphone applications. The personalized tuning can 
result in over 10% gains in fuel efficiency [19]. The MIROAD 
system, Mobile-Sensor-Platform for Intelligent Recognition Of 
Aggressive Driving [20], is a mobile system capable of 
detecting and recognizing driving events and driving patterns, 
intending to increase awareness and to promote safety driving, 
and, thus, possibly achieving a reduction in the social and 
economic costs of car crashes. 

In [21], an android application is depicted which makes use 

of internal vehicle sensors to assess driving efficient patterns. 
With information about throttle, breaking and consumption the 
application is able to provide driving hints in real time 
according to a set of predefined rule matrixes. In this case the 
application is focused on fuel efficiency. A more compressive 
study for the use of driving and traffic data can be found in 
[22]. This analysis considers the availability of data internal 
vehicle sensors, traffic data through internet services and 
historic driving patterns records to help the creation of more 
efficient navigation plans. 

From the systems reviewed, there is clear focus on the lower 
level problem towards sustainable driving. The interest for the 
consideration of the sustainable problem across all of its 
dimensions is not the primary target of these systems but rather 
themes like safety, efficiency and driving profile through event 
detection. These applications do however fit in the category of 
computational sustainability as computational tool that may be 
used on a subset of the driving sustainability problem. 

Our interpretation of the application of computational 
sustainability in sustainable driving is represented in figure 1, 
where sustainable driving is obtained through 3 types of 
problems that can be applied to each dimension of the classical 
definition of sustainability separately or in conjunction. Those 
3 problems consider constraints optimization and reasoning 
problems, acquiring and storing information through 
sensorization statistics and machine learning procedure and 
building dynamic models that can express the state of the 
environment and its participants so that the impact of decisions 
may be assessed. 

 In this work, the theme of sustainable driving will be 
addressed using a ubiquitous system for data acquisition 
integrated in a sustainability framework for the building of 
dynamic models that express the behavior of traffic and its 
conditions. 

 
Fig. 1.  Sustainable Driving Approach 



 
III. DRIVING EVALUATION 

A. PHESS Driving System 
The People Help Energy Savings and Sustainability 

(PHESS) project is being developed to help drive awareness 
towards the need for sustainable and energy efficient behaviors 
[23]. The framework is based on distributed system of multi-
devices that generate data towards the creation and 
maintenance of indicators in the platform [24]. In order to 
drive awareness, specialized modules were developed that 
target user attention, mood and engagement. Through a set of 
usage real world scenarios the platform is being demonstrated 
across different applications [25].  

 In regards to the work presented in this paper, the driving 
scenario is being targeted. Figure 2, illustrates the system 
designed to monitor, assess efficiency and sustainability in 
driving actions. As a building blocks to assess sustainable 
driving the system uses both driving profiles from the data 
gathered while driving, event detection from the analysis of 
such data and indicators defined in the PHESS platform. The 
indicator definition is made with application both in the 
driving profile definition and the analysis of regions in cities. 
That procedure reduces complexity while it does not lose 
much of the information in the aggregation of data records and 
information and becomes more meaningful. 

B. Indicator Development 
In order to produce information about traffic flow and route 

safety it is necessary to gather information about relevant 
information about driving patterns. The focus of our analysis 
was derived from indicators accepted in related studies in the 
literature review. Towards this effect it was considered the 
following indicators: 

 Average velocity; 
 Average fuel consumption; 
 Intensity of acceleration and breaking; 
 Number of breaking and accelerating events per time 

unit; 
 Standard deviation of velocity, intensity of breaking 

and acceleration and number of breaking and 
accelerations; 

 Number of turn events based on curvature detection; 
 Intensity of force exerted in the vehicle during turns; 

All of the indicators defined and built upon ubiquitous 
mobile sensorization, thus limited to their sensing abilities. 
Even so, some of the indicator defined are obtained through 
simple statistical procedures over the recorded data like 
average speed, number of breaks and standard deviations. The 
intensity of acceleration and breaking events is a more 
challenging task. Due to the usage of mobile smartphones, 
sensor access is not easily controllable. Efficiency measures 
make data reading uneven in time meaning sometimes there is 
oversampling where others there is under sampling. In order to 
mitigate such problem the assessment is made using the linear 
slope from the line connecting an initial and final velocity over 
a period of time as presented in equation 1. Such slope 
provides a mean to assess intensity that is independent of the 
size of the time interval. 

 
 (1) 

 
Number of breaking and accelerating events are measured in 

time windows, referenced as per unit of time. Defining an 
event window is helpful because only accelerations and 
breaking inside such window are considered and can be 
analyzed and compared between time windows.  

Average fuel consumption is obtained from the fusion of 
user input data and the distance travelled. As an initial setup 
the user is required to configure the smartphone with a number 
of initial variables such as vehicle model and vehicle average 
consumptions. The aggregation of different vehicles in a large 
scale analysis makes this indicator more relevant for analysis. 

Curve and turn detection is a special event due to 
characteristic and driving difficulty. Due to car handling, 
driving inside curvatures can present a risky task specially if 
driven at too much speed or under high breaking or 
accelerating intensity. As a consequence, for this analysis, a 
special strategy is employed which monitor the degree of 
curvature trough smartphone sensors.  

 

Fig. 2.  PHESS Driving Architecture 



 

 (2) 

 
Equation 2 demonstrates the formula used to track angle 

difference in the direction between two points. As the 
curvature becomes more intense the road curvature is 
identified as potentially more dangerous than others. The 
intensity of forces while driving inside curvatures is monitored 
using the intensity of the accelerometer vector, equation 3. 
 

 (3) 
 
The indicator analysis uses a three level classification 

scheme based on the statistical occurrence of the indicator 
value being accessed. For the classification definition, 
quartiles are used as a mean to identify outlier data in each 
indicator and classify it differently. Consequently the 
procedure adopted was to order the sample data records and 
classify data between the 80-95% quartile as yellow events, the 
data above the 95% quartile as red events and the rest as green 
events. This leads to the assumption that most drivers will 
have an adequate driving style for the most of their trips. In 
table 1 it is presented, the classification for each indicator 
represented in this paper. 

C. Driving Profile 
The usage of 

patterns. It is accepted that some drivers have a predisposition 
to drive more aggressively than others and there are significant 
deviations in their behaviors. Our approach uses this thought 
to gather the driving records from a community of users to 
classify different driving patterns to different people and link 
that data geographically in later analysis. The driving profile is 
based on the indicator defined in this papers plus attributes 
that respe Thus the 
list of driving attributes considers the indicator plus the list of 
attributes:  

 Time of day; 
 Trip average duration; 
 Standard deviation of trip duration; 
 Average maximum and minimum velocity per trip; 
 Number of cars driven. 

With those measures, a complete profile can be designed 
performance. In [26], [27] other parameters were used to 
collect data from ordinary drivers in real traffic situations, 
such as wheel rotation, engine speed, ambient temperature, use 
of breaks and fuel consumption. In these studies, GPS data 
was also monitored, where each driving pattern was attributed 
to street type, street function, street width, traffic flow and 
codes for location in the city (central, semi-central, 
peripheral). It was concluded that the street type had the most 
influence on the driving pattern. The analysis of the 62 

primary calculated parameters, resulted in 16 independent 
driving pattern factors, each describing a certain dimension of 
the driving pattern. When investigating the effect of the 
independent driving pattern factors on exhaust emissions, and 
on fuel consumption, it was found that there already studies 
with a common number of factors amongst the literature. Due 
to the decision to implement a pervasive system over mobile 
sensorization the work here described will account the 
attributes that are able to be collected by smartphone 
applications. 

While these attributes characterize driving in a long term 
analysis, such strategy might miss spontaneous events that 
occur sporadically. An example of such is a sudden break with 
high intensity. In order to deal with these one-off events, other 
attributes are of relevance: 

 Force exerted in the car; 
 Slope of the line connecting initial to final velocity 

during breaking and accelerating events; 
 Degree of the curvature of the road and force exacted 

in the car. 
It is important to stress that these attributes are already 

accounted in the driving profile because they are also defined 
as indicators in the PHESS platform.  

D. City Analysis 
patterns. It is accepted that, if the majority of drivers have a 
predisposition to drive more aggressively in certain areas than 
others, then those areas are more dangerous. Our approach 
uses this thought to gather the driving records from a 
community of users and use them to calculate potential 
hazardous spots inside cities. Most evaluations are made using 
standard driving attributes, matured in the literature over a 
number of studies across different authors and projects. This 
kind of analysis is only possible with a dedicated user 
community that constantly updates and makes use of the 
platform supporting these models.  

There is information that is dependent on external 
conditions of traffic and not related with driving itself. The 
platform developed will try to assess external condition using 
context estimation from the data gathered. The strategy 
employed uses indicator data linked with geographical data to 
define such context information. The indicator data is 
aggregated over a squares of geographical regions and their 
average value is computed. The granularity of the assessment 
is dependent on the size of the squared region. Nevertheless, 
such approach with an appropriate level of granularity is able 
to assess regions with high congestions rates or with high 
average speed, as an example. In this case, the velocity 
recorded by users is aggregated inside each square of terrain. 
The same analysis is available for other indicators in this 
systems and displayed in the same manner. Value added 
information produced in the system is published using a range 
of public web services. These web services provide public 
information about current traffic and driving conditions as well 



 
as, modelling analysis based on the historical data available in 
the platform. 

Aside from driving study, other analysis can be made with 
the help of context conditions. Such conditions include 
weather, traffic congestion and time of day, for instance. Each 
example can have significant influence on the safety and on the 
assessment of attributes related to driving. Aggressiveness and 
dangerous behavior has different meanings in any of these 
conditions and while some concepts are broad enough to be 
used by all, others are situation specific meaning that what is 
dangerous in one situation might not be in another. Usually, 
driving patterns are defined and associated to the speed profile 
of the driver, but it can be expanded to other variables, as gear 
changing, and big changes on the acceleration [27]. 
Experiments with communities are often used to provide real 
time analysis of geographic conditions and events, with 
examples of such in the Waze platform [14]. However, they 
are the lacking features of historic analysis and historical 
supported suggestions.  

The aim of this work is to focus on intangible and soft 
attributes which we define as attributes that are not directly 
observed by data records but rather computed with techniques 
from static analysis and machine learning processes. Such 
attributes should be used to find hidden patterns of road usage 
that might be missed in standard traffic flow simulations. 
Examples of such errors in simulation include driving 
aggravation due to unforeseen events even with normal traffic 
conditions.  

IV. ANALYSIS AND DISCUSSION OF STUDY RESULTS 
Although this work is not using the internal data from 

vehicle sensor system as in past research [26], the approach 
followed in this work uses smartphone data for ubiquitous and 
pervasive monitoring. Data gathering is made through sensors, 
which is pre-processed internally with data fusion 
methodologies to enrich data and provide richer information. 
The number of variables used to assess driving patterns is 
based on the indicators and driving profiles defined. 

Using indicator assessment over normal car trips in the 
system it is possible to take note on each point detected by the 
GPS sensor the indicator classification. An example of such 
mechanism is present in figure 3. 

 Each view can be personalized taking into account all 
indicators or a subset of them according to their interest to the 
analysis. Using the indicator classification it is also possible to 
assess whether or not there are dangerous systematic behavior 
accomplished by assessing each indicator present in the 
inside the community by their driving profile attributes. 

 The model described in this article was tested as a 
complimentary module to a sustainability framework PHESS. 
Its aims are to produce and generate knowledge that can be 
used to perform decisions and suggestions that have a direct 
More than a responsibility framework, it is intended to 
increase awareness to sustainable problems that arise from 

by drivers. 
Taking into consideration a test city with a community of 10 

users, it is possible to assess the sample metrics and indicators 
defined. Using the strategy described in the section city 
analysis a demonstrative example of the region grid 
classification of indicator is made in figure 4. In order to 
analyze the classification and demonstrate that the scale has 
been appropriated to detect a small but significant set of 
yellow and red events. Such detection mechanisms can be 
improved with more technical data about dangerous events or 
even adjust the quartiles used for classification, nevertheless 
the proposed approach provides satisfactory results. 

Each event is characterized in the map, and for the user it is 
possible to see the information relevant to that assessment. On 
the other hand, figure 4 does not provide event level 
explanation but rather a set of filters with each indicator 
defined that may alter the map zone classifications according 
to whether or not they are selected. 

The map covered by the identification of low and high 
average speed squares is within the expected range but varies 
according the time of day, however the location of squares is 
preserved although with different averages. Our approach, 
identifies such metrics on daily basis but the identified spots 
are within 10% to 15% of the visible map. 

As with the analysis on figure 3, the analysis present in 
figure 4 may only include a subset of indicators in its 
representation thus simplifying the analysis of the map.  

 

  
Fig. 3. Event Detection Based on Indictor Analysis 



 

 The results provided are based on web services which take 
information from the central distributed system to deliver 
information to graphical tools that display the information. In 
this case standard webpages were used. 

While the results are satisfactory, future development 
should improve the social dimension of sustainable driving 
defining indicator directly associated with driver actions and 
emotions.  

V. CONCLUSION 
The use of pervasive devices already adopted by 

communities of users possess enough information and 
computing ability to build collaborative systems to tackle 
complex tasks. City traffic evaluation is one of such problems 
that are costly to audit and diagnose structural problem but can 
be simplified with crowd computing. Results are seem as 
satisfactory are reliable with the possibility to adjust according 
to specifics needs or needed improvement. The use of mobile 
sensors does constitute an additional effort to mitigate external 
influences such user involuntary movement, measurement and 
coverage errors. Nevertheless, the outputs generated in this 
platform were also found of relevance to the study of 
sustainability, where the intangible metrics and the structures 
employed to the indicator analysis pave the way to building 
sustainability assessing indicators able to join general purpose 
sustainability assessment frameworks such as the platform 
PHESS in discussion in this work. 

In future iterations there are plan to update from grid 
analysis to road detection and road analysis becoming more 
accurate. Also, the validation of experiments on other cities 
are planned in order to prove both resilience and adaptation of 
the system. Integration of metrics found by this platform in 
common navigation systems are planned on the long term 
project, thus influencing routing options of people and acting 
as a true pervasive and ubiquitous object directing people 
away from dangerous situations into more comfortable and 
safe environments 
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