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Abstract—In this paper we provide the evidence that daily
stress can be reliably recognized based on human behavior
metrics derived from the mobile phone activity (call log, sms
log, bluetooth interactions). We introduce an original approach
for feature extraction, selection, recognition model training and
discuss the experimental results based on Random Forest and
Gradient Boosted Machine algorithms. Random Forest based
model showed low variance comparing to the GBM-based one,
thus winning the bias-variance tradeoff and preventing over-
fitting, given the noisy source data. Potential impact of the
technology is reducing stress and enhancing subjective well-being
for sustainable living.

I. INTRODUCTION

Psychological stress is a dynamic process eliciting a neg-
ative emotional response and it occurs when an individual
feels that the environmental demands exceed his/her adaptive
capacity [37]. It is a well-known condition in modern life
and research has shown that the amount of cumulative stress
can play a role in a diverse range of physical, psychological
and behavioural conditions, such as anxiety, low self-esteem,
depression, social isolation, irritability, cognitive impairments,
sleep and immunological disorders, neurodegenerative diseases
and other medical conditions [12], [17], [18] Hence, measuring
stress in daily life situations has become an important chal-
lenge [36].

Nowadays, smartphones provide a novel opportunity for
unobtrusive and cost-efficient access to previously inaccessible
sources of data related to daily social behavior [14]. Smart-
phones are able to capture and store huge amounts of behav-
ioral data. The social psychologist Geoffrey Miller in “The
Smartphone Psychology Manifesto” argued that smartphones
should be seriously considered as a new research tool for social
psychology. In his opinion, such tools could revolutionize all
fields of psychology and behavioral sciences, making these sci-
entific disciplines more powerful, sophisticated, international,
applicable, and grounded in real-world behavior [32]. In the
pervasive and ubiquitous computing community, several works
have started to use smartphone activity data to detect and
predict personality traits [10], [41], mood states [29], and daily
happiness [35], [6].

In our paper, we formulated the automatic recognition
of daily stress as a 2-class classification problem (stressed

and not stressed) based on information concerning: a) people
activities, as detected through their smartphones; b) weather
conditions; c) personality traits. People activities are repre-
sented by features extracted from calls, sms logs and bluetooth
hits. We created a large number of models for different weather
conditions and individual personality traits, given the fact that
they influence emotional and mental states substantially. All
these models were combined in one ensemble model.

Classification experiments were performed using a variety
of approaches, including decision trees, neural networks and
support vector machines. The best solution for our classifica-
tion problem were found using an ensemble of decision tree
classifiers based on Random Forest and Generalized Boosted
Model algorithms.

The article is structured as follows. Section II reviews
previous work on stress detection. Section III describes the
data collection while Section IV describes our approach to
stress recognition and, in particular, the features we extracted,
the best feature space selection, the learning algorithms we
used, and the best model selection. The experimental results
together with the data and model limitations are discussed in
Section V. Section VI sets out social implications of automatic
stress recognition for sustainable living. Summary and future
work expectations are defined in Section VII.

II. RELATED WORK

A substantial amount of research on stress recognition
focused on physiological measurements to detect stress (see for
example [25], [28]). In particular, several methods have been
based on physiological signals, such as heart-rate variability,
skin conductance, temperature, respiration, blood pressure or
muscle activity. Despite their high reliability in stress detec-
tion, technologies based on this approach present considerable
weaknesses because they need to be carried at all times in
order to allow continuous monitoring.

A set of less obtrusive techniques used in stress detection
are based on voice analysis and in particular on variations
in speech production, and take into consideration different
acoustic features, such as phonetic variations, pitch, glottal
pulse or spectral slope [30]. However, this methodology relies
on high acoustic quality, which is not always achievable in



natural settings, and its reliability can be undermined by large
individual differences in the correlation between speech and
emotion [40]. Moreover, despite being less obtrusive than other
physiological sensors, stress detection based on speech may
still pose privacy problems related to the recording and analysis
of human voice.

A promising and reliable alternative that can overcome
the major shortcomings posed by these methodologies is
activity recognition from mobile phones usage patterns. In
particular, research in this field has mainly investigated general
behavioural change and peoples relational dynamics [4], [16].
researchers have focused on the use of mobile phones to better
understand individuals affective state [29] and stress levels [5],
[39].

LiKamWa and colleagues [29] focused on mood recogni-
tion and developed MoodScope, a software system that detects
users mood from mobile phone usage data, such as phone
calls, sms logs, email messages, application use, web browsing
histories and location changes. The system achieved an initial
66% accuracy of participants’ daily mood, gradually improving
to 93% after two months of training, with phone calls and
categorized applications being the most relevant features.

Bauer and Lukowicz [5] addressed the problem of stress
recognition, and monitored 7 students during a two weeks
exam session followed by two weeks of non-stressful period.
They recorded data such as users location and social interac-
tions through Bluetooth proximity, phone calls and sms logs,
and detected an average behaviour modification of 53% for
each participant during the exam session.

Sano and Picard [39] collected 5 days of data for 18
participants integrating a wrist sensor with morning/evening
surveys (Big Five, mood, sleep quality, tiredness and stress
levels, or use of technological devices) and mobile phone usage
features (such as calls, sms logs, mobility patterns, screen
on/off mode). The authors applied correlational analysis to find
the most relevant features and reached a 75% accuracy using
machine learning to classify whether the participants were
stressed or not. This multifactorial approach achieves a good
accuracy level, which is comparable to the results presented in
this paper. However, we tested our approach on more reliable
dataset capturing the daily of larger amount of subjects (117
vs 18) for eight weeks.

In general, these previous studies suggest smartphones as
a valuable source of rich data from real life, which can be
exploited to gain beneficial insights about peoples affective
state and stress levels, in order to develop new context-
aware mobile services that could better support psychological
wellbeing.

III. OUR DATASET

Inside the Friends and Family longitudinal study (see for
more details [3]), we collected a dataset capturing daily stress
data of 117 subjects for more than eight weeks. During this
period, each participant was equipped with an android smart-
phone and with a sensing software explicitly designed for this
data collection. The source data consists of call logs, sms logs,
social proximity data, obtained by scanning near-by phones
and other Bluetooth devices every five minutes and ground
truth survey bases self-reported data about personality (“Big

Five” personality traits) and daily stress for each day of the
experiment. Social interactions were derived from Bluetooth
proximity data in a similar way to previous reality mining
studies [15]. The FUNF phone sensing framework [1] was
used to detect Bluetooth devices in the user’s proximity. The
Bluetooth scan was performed every 5 minutes in order to
keep from draining the battery while achieving a high temporal
resolution of social interactions tracking.

For the data analysis described in this paper we used 33497
phone calls, 22587 SMS, and 1460939 Bluetooth hits.

Additionally, the participants were asked to fill daily sur-
veys about their self-perceived stress level. The stress infor-
mation was reported by the participants filling a seven items
scale with 1 = “not stressed”, 4 = “neutral” and 7 = “extremely
stressed”. For the stress recognition task presented in this paper

TABLE I. RECORDED DAILY STRESS

Min. 0.000
1st Qu. 3.000
Median 4.000

Mean 3.793
3rd Qu. 5.000

Max. 7.000

the survey based labels data was transformed from 1 to 4 to
“not stressed” class, and from 5 to 7 – to “stressed”. The
ground truth labels distribution for our recognition task tend
to be approximately balanced by the classes.

In addition, personality was measured by asking subjects
to answer on a 1-5 point scale to the online version of the Big
Five questionnaire developed by John et al. [27], which owes
its name to the five traits taken as a constitutive of people’s
personality: Extraversion vs. Introversion; Emotional stability
vs. Neuroticism; Agreeableness vs. Disagreeableness; Consci-
entiousness vs. Unconscientiousness; Openness to experience.
We obtained personality scores by computing a sum for each
item in the personality trait questionnaire.

A partial version of the data, consistent with privacy and
legal limitations, is publicly shared for the research community
[2]. We hope that the Friends and Family study and similar
initiatives may be a first step for dealing with the lack of
empirical naturalistic pervasive computing data in the real
world [34].

IV. OUR APPROACH

Based on previous findings in social psychology [44], we
tested if extraverted people, as opposed to introverted people,
would be stressed or not given the same social interactions
and we found that we needed to create separate models for
extraverted and introverted people.

The idea to filter the weather implications on the inde-
pendent variables was the second novelty of our approach.
It was found to be consistent with environmental psychology
studies showing a significant effect of temperature, hours
of sunshine and humidity on mood [26], [38], [13]. In our
experiments, we used the following weather parameters: mean
temperature, pressure, total precipitation, humidity, visibility
and wind speed metrics, extracted from public sources.

Based on previous works that characterize social interac-
tions by means of mobile phone data and usage of social



interactions to predict personality traits and daily happiness
states [33], [6], we derived 25 call and sms features and
9 proximity features. These features, grouped in four broad
categories, characterize general phone usage, diversity, active
behavior and regularity.

More precisely, features for general phone usage capture
the total number of outgoing, incoming and missed calls, and
the total number of sent and received sms. Moreover, we
also extracted the outgoing to incoming calls ratio, missed to
(outgoing + incoming) calls ratio, and sms sent/received ratio.

Diversity measures how evenly an individual’s time is
distributed among others. In our case, the diversity of user
behavior is addressed by means of three kinds of features: (i)
entropy of contacts, (ii) unique contacts to interactions ratio,
(iii) number of unique contacts. We computed the diversity
features both for calls and sms. For entropy calculation, we ap-
plied Miller-Madow correction [31]. Miller-Madow correction,
dealing with the data quality problems, to get bias-corrected
empirical entropy estimate.

Concerning regularity features, we measured the time
elapsed between calls, the time elapsed between sms exchanges
and the time elapsed between call and sms. We consider both
the average and variance of the inter-event time of one’s call,
sms, call+sms. It is worthwhile to note that even though two
users have the same inter-event time for both call and sms, their
mean inter-event times for call+sms can be very different.

Our contribution to the feature space creation is based
on using sliding window functions to capture intertemporal
influence of the stress recognition independent variables. For
example, for each feature from the basic feature subset we
calculated second order features, such as mean, median, min,
max, 99%, 95% quantiles, quantiles for the cases of 0.5, 1,
1.5 and 2 standard deviations from the mean (applying Cheby-
shev’s inequality), variance and standard deviation functions.
Analyzing the time domain, for each basic feature subset we
calculated the same functions for 2 and 3 days backward
moving window to check if some events from the near past
influenced the current stress state.

For feature selection we used mean decrease in Gini
Coefficent [23]. The Gini coefficient measures the inequality
between the values of a frequency distribution, – in our case
the dimensions of the feature vector. A Gini coefficient of
0 expresses perfect equality, where all values have the same
predictive power. A Gini coefficient of 1 expresses maximal
inequality among the variables. However, for most features,
values close to 1 are very unlikely in practice.

A. Classification Algorithms and Model Selection

We formulated the automatic recognition of daily stress as
a classification problem with two classes (“not stressed” or
“stressed”). The ground truth labels for classification problem
were set to 0 for “not stressed”, where label score <= 4 and
1 for “stressed”, where label score > 4.

We separated all the data at random, following an uniform
distribution, in a training set and in a control test set fixing the
proportion of 80:20. To let optimization algorithms converge
more efficiently the feature matrix was centered and normal-
ized by each column [7].

Applying a grid search approach we trained a number of
sets of classifiers: support vector machines, neural networks,
ensemble of tree classifiers based on a Breiman’s Random For-
est (RF) and Friedmans Generalized Boosted Model (GBM)
[19] algorithms with different parameters.

Multiple regression models, support vector machines model
[43] with linear and Gaussian radial basis [9] kernels and
multi-layer perceptron neural network did not provide good
classification results or required building separate models for
each personality type and weather conditions.

Random forest algorithm produces a combination of tree
predictors, such that each tree is dependent on the values
of a random vector sampled independently with the same
distribution for all the classification trees in the forest [8]. The
decision boundary is formed according to the margin function.
Given an ensemble of tree classifiers h1(x), h2(x), ..., hK(x)
and if the training set is drawn at random from the empirical
distribution of the random vector Y,X the margin function is
defined as:

mg(X, Y ) = avgkI(hk(X) = Y )−
maxj!=Y avgkI(hk(X) = j),

(1)

where I(·) is the characteristic function. The margin function
measures the distance between the average votes at (X, Y ) for
the right class and the average vote for any other class. For
this model the generalization error function is:

PE∗ = PX,Y (mg(X, Y ) < 0), (2)

where PX,Y is the probability over 〈X, Y 〉 space. For any
event A ⊂ Ω of the feature space the characteristic function
I(·) of A is:

IA(x) =

{
1 ⇐⇒ (x ⊂ A)

0 otherwise

}{
1 ⇐⇒ ∃x
0 otherwise

}
(3)

For the second ensemble model (GBM-based) we adopted
a greedy function approximation and the stochastic gradient
boosting strategy, which are described in [20] and [21]. The
optimization problem was formulated as finding a function,
f̂(x), that minimizes the loss function Ψ(y, f):

f̂(x) = arg min
f(x)

y|x [Ψ(y, f(x))|x] (4)

The implementation implementer for this paper solution is
described in Algorithm 1.

In order to find the best model, we trained a number
of models and selected the best one based on κ metrics
for the 10-fold validation strategy. The Cohen’s κ measures
pairwise agreement among a set of functions which are making
classification decisions with correction for an expected chance
agreement [11]. κ = 0 if there is no agreement more than
expected by chance following the empirical distribution. κ = 1
when there is a max agreement. κ is a state-of-the-art statistics
about how significantly the classification model is different
from chance. More importantly, it makes the interpretation of
the scale of what the model has learned to be an intuitive task.
κ statistic has the properties of more robust and conservative
measure to show what we have learned from the data than F1
and area under the ROC curve metrics.



Algorithm 1: Gradient Boosting Implementation
for Stress Recognition Problem

Input: ~X = ~xi
N
n=1 such that ~x ∈ H;

~Y = ~y1
N
n=1 such that ~y ∈ F2

Output: f̂(~x) such that
f̂(~x) = arg minρ

∑N
i=1 Ψ(yi, ρ).

begin
Ψ←−Bernoulli
T ←−number of trees
K ←−terminal nodes limit
p←−subsampling rate
f̂(~x) ←−∅
for i ∈ T do

Compute gradient:

zi = − ∂
∂f(~xi)

Ψ(yi, f(~xi))|
f(~xi)=f̂(~xi)

Select p×N observations from the feature space

Fit the tree, limited to K terminal nodes

Compute the optimal terminal node:
ρk = arg minρ

∑
~xi∈Sk

Ψ(yi, f̂(~xi) + ρ)

for j ∈ length(~x) do
Update f̂(~x), such that

f̂(~x)← f̂(~x) + λρj(~x)

end
end
return f̂(~x)

end

During the learning and model selection process we fol-
lowed a leave-one-out 10-fold cross validation strategy. We
adopted this strategy in order to prevent data overfitting and
to deal with potential data loss in cases when calls, sms and
Bluetooth proximities existed in the real world but were not
registered by the mobile application.

The performance metrics used to evaluate the models are:
accuracy, sensitivity, specificity and Cohen’s κ. For detailed
analysis we provide model confusion matrix [42]. The signifi-
cance of the results is supported by the proper statistical tests
[22] and is shown in the tables.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The final feature vector selected for the recognition task
has 111 dimensions. Interestingly, for the computational power
of the current devices it may be considered being a low-
dimensional feature vector, that can be computed not only on
powerful servers but even on a smartphone.

Random Forests were trained through a step-wise increase
of the number of trees equal to the upper limit of 211. Optimal
number of trees for model generalization as measured by mean
misclassification rate for 10-fold cross validation strategy is
estimated to be 112 trees.

Recognition model based on Random Forest algorithm

shows 90.68% accuracy on the training set and 72.51% ac-
curacy on the test set (Table II).

Metric Value
Accuracy 0.7239

95% CI (0.7063, 0.741)
P-Value [Acc > NIR] < 2.2e-16

Kappa 0.3707
Sensitivity 0.5037
Specificity 0.8486

TABLE II. RF-BASED MODEL PERFORMANCE METRICS

Instead, GBM-based model showed the results provided in
Table III. Despite better Accuracy and Cohen’s κ metrics for
Random Forest based model, the choice of the more adequate
learning approach depends on the concrete application task.
Specificity of 92.52% using GBM-based model in comparison
with 84.86% using random forest algorithm can be favorable
if we are focused more on “not stressed” class, rather than
stress detection.

Metric Value
Accuracy 0.7135

95% CI (0.6957, 0.7308)
P-Value [Acc > NIR] 3.156e-16

Kappa 0.2992
Sensitivity 0.3397
Specificity 0.9252

TABLE III. GBM-BASED MODEL PERFORMANCE METRICS

The confusion matrices for each model test sets are pro-
vided in Table IV and Table V. These matrices show that there
is a major agreement between classes. But Table IV shows that
random forest based solution is better for detecting stress.

0 1
0 1404 460
1 254 479

TABLE IV. CONFUSION MATRIX
FOR RF-BASED MODEL

0 1
0 1534 620
1 124 319

TABLE V. CONFUSION MATRIX
FOR GBM-BASED MODEL

The investigation of the most important predictors of daily
stress reveals interesting associations.

All the personality traits contributed significantly in pre-
dicting the daily stress variable. These results are interest-
ing because previous studies in social psychology focused
on Neuroticism, Extraversion and Conscientiousness. Instead,
our work shows the important contribution played also by
Agreeableness and Openness for the automatic classification
of daily stress.

With regard to weather, we found a confirmatory associa-
tion between temperature, humidity, wind speed, pressure, total
precipitation and visibility and stress.

Regarding mobile phone data, it is interesting to note
the significant contribution of the proximity features. Among
the top 30 features used for stress recognition, 12 features
are proximity ones calculated from the Bluetooth data. In
particular, an interesting predictive role is played by the time
intervals for which an id is seen. In addition, features capturing
the diversity in co-location interactions are in the top 30
list (e.g. entropy of proximity contacts). This result seems
to confirm previous studies in social psychology that found
associations between people’s stress and the richness in terms



of the amount and the diversity of people’s social interactions
[24]. Instead, among the 30 less predictive features we can find
the number of times in which the least common ID is seen.
Interestingly, the results obtained using proximity features
seem to confirm previous findings in social psychology: in
particular, the relevant role played by interactions with strong
ties in determining the stress level of a subject. For sure, this
result requires further investigation.

As for call interactions, we can infer the role played by
general phone usage features such as the number of incoming
calls and the number of outgoing calls. On the contrary, the
role of sms interactions for predicting daily stress is less
evident from our investigation. The only feature related to sms
interactions among the top 30 predictive features is subject
active behavior and more specifically is the latency in replying
to a text message. Therefore, the predictive power of the sms
data needs further investigation.

The limitations of our study include the following: (1)
our sample comes from a population living in the same
environment – a campus facility of a major US university; (2)
non-availability of proximity data concerning the interaction
with people not participating in the data collection; (3) missing
data coming out of battery issues; (4) absence of location data,
which in fact could have been tracked.

VI. SOCIAL IMPLICATIONS FOR SUSTAINABLE LIVING

Stress has become a major problem in our society. New
information and communication technologies, ubiquitous con-
nectivity, information overload, increased mental workload and
time pressure are all elements contributing to increase general
stress levels. While in some cases people may realize that
they are undergoing stressful situations, for example under
intense pressure such as an approaching deadline, severe and
chronic stress may be more difficult to detect. Moreover, stress
is not necessarily always perceived as negative, and may be
considered the norm in a modern and demanding society.
Nonetheless, while slightly increased stress levels may be
functional for productivity, prolonged and severe stress can be
at the source of several physical dysfunctions like headache,
sleep or immunological disorders, unhealthy behaviours such
as smoking and bad eating habits, as well as of psychological
and relational problems that can deeply affect peoples social
life.

Our technology provides a cost-effective, unobtrusive,
widely available and reliable tool for stress recognition. It
detects daily stress levels with a 72.39% accuracy combining
real life data from different sources, such as personality traits,
social relationships (in terms of calls, text messages and
Bluetooth proximity), and weather data. The development of
a reliable stress recognition system is a first but essential step
toward wellbeing and sustainable living, and its scope can be
extended to different areas of applicability. Providing people
with a tool capable of gathering rich data about real life,
and transforming them into meaningful insights about stress
levels, paves the way to a new generation of context-aware
technologies that can target clinics as well as the corporate
sector and common citizens. This technology can inform the
design of ICT based medical decision support systems for the
assessment and treatment of psychological stress. With such a
tool, therapists could monitor and record patients daily stress

levels, access longitudinal data, identify recurrent or significant
stressors and modulate treatment accordingly.

In work environments, where stress has become a serious
problem not only affecting productivity and leading to occu-
pational issues, but also causing health diseases, our system
could be extended and employed for early detection of stress
related conflicts and stress contagion in professional social
networks, and for supporting balanced workloads. Awareness
is a first but crucial step to motivate people to change their
behaviour and take informed and concrete steps toward a
healthy lifestyle and an appropriate stress balance. Mobile
applications developed on the basis of our technology could be
targeted to the general public and provide contextual feedback
to increase peoples awareness of their stress levels, alerts when
they reach a warning threshold, and suggest stress management
and relaxation techniques when appropriate.

VII. CONCLUSION AND FUTURE WORK

In this paper we provide a new evidence that daily stress
can be reliably recognized based on human behavior metrics
derived from mobile phone data.

The scientific novelty is focused on the original approach
for feature extraction, selection, and the ensemble recognition
model which combines a number of models for each different
weather conditions and personality dispositions.

Despite the limitations discussed above, we believe that
our solution, resulting the 72.39% accuracy and 0.37 Cohen’s
κ metrics for 2-class classification problem, have provided
substantial proof that individual daily stress can be predicted
from smartphone data. The experimental results based on
Random Forest and Gradient Boosted Machine algorithms
are discussed, showing that Random Forest based algorithm
is better to detecting stress, and Gradient Boosted Machine
based model provides better results for detecting “not stressed”
daily states. Random Forest based model shows low variance
comparing to the GBM-based one, thus winning the bias-
variance tradeoff and preventing overfitting, given the noisy
source data.

Individual, social and business implications of the proposed
technology for sustainable living are significant and practi-
cal, given the fact of unobtrusive and cost-effective way of
data collection, low-dimensional feature space discovered and
the algorithmic efficiency of the proposed stress recognition
model.

Future work will be focused on different feature subsets
interaction and on a multi-step stress recognition model de-
velopment, on the first step predicting personality from user’s
mobile phone activity and on the next step – detecting stress
in a compeletely automated way.
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