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ARTICLE INFO ABSTRACT

Depression is a serious mental illness. The symptoms associated with depression are both behavioral
Communicated by (in appetite, energy level, sleep) and cognitive (in interests, mood, concentration). Currently, survey
instruments are commonly used to keep track of depression symptoms, which are burdensome and
difficult to execute on a continuous basis. In this paper, we explore the feasibility of predicting
all major categories of depressive symptoms automatically using smartphone data. Specifically,
we consider two types of smartphone data, one collected passively on smartphones (through an
app running on the phones) and the other collected from an institution’s WiFi infrastructure (that
does not require direct data capture on the phones), and construct a family of machine learning
based models for the prediction. Both scenarios require no efforts from the users, and can provide
objective assessment on depressive symptoms. Using smartphone data collected from 182 college
students in a two-phase study, our results demonstrate that smartphone data can be used to predict
both behavioral and cognitive symptoms effectively, with F; score as high as 0.86. Our study makes
a significant step forward over existing studies that only focus on predicting overall depression
status (i.e., whether one is depressed or not).

Depressive symptom prediction
Machine learning
Smartphone sensing

1. Introduction

Depression is a common yet very serious health problem. It impacts a person physically, emotionally as well as socially, leading to higher
medical costs, exacerbated medical conditions, and higher mortality [29. 16l [7]. Depression symptoms manifest in many aspects of daily life,
including appetite, interests, energy level, mood, psychomotor behavior, sleep, and even suicidal intent. Currently, survey instruments, such as
Patient Health Questionnaire-9 (PHQ-9) [17] and Quick Inventory of Depressive Symptomatology (QIDS) [26], are commonly used to detect
depression and keep track of the development of the symptoms. Users need to fill in such questionnaires on a regular basis (e.g., biweekly for PHQ-9
and weekly for QIDS), which is burdensome and difficult to execute on a continuous basis.

The emergence of smartphones as a pervasive computing platform presents a tremendous opportunity of using smartphone data to automatically
detect depression, as evidenced by existing studies (e.g., [35,13}127,[10]). These studies have demonstrated that sensing data (e.g., location, activity,
phone usage) collected passively from smartphones can be used for effective depression screening, since the sensing data provides insights into
various behavioral features that are highly correlated with depression. A recent study [36] explored an alternative approach that does not require
direct data capture on a user’s phone; instead, it leverages meta-data collected from an institution’s WiFi network (e.g., the campus WiFi network of
a university or company). The rationale is that, when a user associates her phone with an access point (AP) in an institution’s WiFi network for
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Internet access, the location of the AP can be used to approximate the location of the phone and hence the user (a phone needs to be close to the AP
for the association). Therefore, the AP association records from an institution’s WiFi network can be used to locate the users dynamically over
time. While the above two approaches differ in the data sources that are being used, they share the common idea that high-level human behaviorial
features extracted from smartphone data, whether collected on the phones or from a WiFi infrastructure, can be used to train machine learning
models beforehand, and then used for automatic depression screening.

Existing studies focus on binary classification using smartphone data, i.e., classifying whether one is depressed or not. In this paper, we
make a significant step forward in that we predict individual depressive symptoms, including all major aspects covered by PHQ-9 and QIDS. The
predicted individual symptoms provides a detailed picture on one’s current depression conditions (both behavioral and cognitive), which can be
tremendously helpful for both the users and clinicians. This approach involves no efforts from the users, and can provide an objective assessment
that does not suffer from recall bias. On the other hand, predicting the status of individual depressive symptoms is at a much finer granularity than
predicting the overall status of being depressed or not, and hence is more challenging. In addition, smartphone data are primarily behavioral data
(e.g., location, activity), while the depressive symptoms can be cognitive in nature (e.g., interests, self-criticism, feeling depressed). It is not clear
whether behavioral data can be used to predict cognitive characteristics accurately.

To explore the feasibility of using smartphone data to predict individual depressive symptoms, we have analyzed two categories of data collected
from 182 college students in a two-phase study. The first category is smartphone sensing data, collected directly on smartphones (by running an app
on the phones), and the second category is meta-data collected from a university campus WiFi network. Both categories include the data collected in
two phases, accompanied by PHQ-9 and QIDS questionnaires, respectively, which are reported by the participants. We explore using machine
learning techniques to predict the presence or absence of each depression symptom using features extracted from the two categories of smartphone
data.

Our study makes the following main contributions.

* We find that sensing data collected directly on smartphones can predict a rich set of depressive symptoms accurately, including both
behavioral (appetite, energy, sleep, psychomotor) and cognitive symptoms (interests, self-criticism, feeling depressed, concentration). The
predicted F} scores can be as high as 0.83, comparable to the Fj scores obtained for predicting the overall depression status [[10}39} (19} 140].
In addition, we observe stronger prediction results for depressed participants compared to non-depressed participants.

¢ We find that meta-data collected from an institution’s WiFi infrastructure can also predict a variety of depressive symptoms accurately.
Specifically, we explore 24-hour monitoring (for the users who spend time during both night and day on campus, e.g., those who live on
campus), and daytime monitoring where only the daytime information (8am-6pm) is available (e.g., for those who are only on campus
during daytime). We find that even daytime information is sufficient to provide accurate prediction for a set of depressive symptoms. Our
results demonstrate that the meta-data collected from an institution’s WiFi infrastructure can be used to keep track of the wellness of a large
population at very little cost.

* We further explore predicting finer-level depressive symptoms, e.g., increased or decreased appetite/weight, feeling restless or slowed down,
and sleep disturbance (time taken falling asleep, sleep during night, sleeping too much, and waking up too early). Our results demonstrate
that even finer-level depressive symptoms (particularly sleep related) can be predicted accurately using smartphone data, with predicted F;
scores up to 0.86.

The rest of the paper is organized as follows. Section|2|brieﬂy describes the background and our high-level approach. Section@describes the
data collection methodology. Sections@ and|§]rep0rt our analysis methodology and prediction results of individual depressive symptoms using
smartphone sensing data and WiFi infrastructure meta-data, respectively. Section@presents the results on finer-level depressive symptoms. Sectionm
briefly describes related work. Last, Section@concludes the paper and presents future work.

2. Background and High-level Approach

In this section, we briefly describe depressive symptoms, particularly the symptoms in two widely used questionnaires, PHQ-9 and QIDS,
which are used in this study. We then describe our high-level approach of using smartphone data collected directly from smartphones, or meta-data
collected from an institutions’s WiFi infrastructure, to predict depressive symptoms.

2.1. Depressive Symptoms

Depressive symptoms manifest in multiple aspects. We use two types of questionnaires, PHQ-9 and QIDS, during the two phases of our study
(see Section@). Both questionnaires are widely used in clinical settings for detecting depression and keeping track of the depression symptoms over
time. PHQ-9 contains 9 questions, asking about the symptoms in the past two weeks, and hence needs to be filled in by a user every two weeks.
QIDS is more comprehensive than PHQ-9. It contains 16 questions, asking about the symptoms in the past week, and hence needs to be filled in
every week. For both questionnaires, the questions are on nine broad aspects, including (1) appetite/weight, (2) interests, (3) energy/fatigue, (4)
concentration, (5) psychomotor agitation/retardation, (6) self-criticism, (7) feeling sad/depressed, (8) sleep disturbance, and (9) suicidal ideation.
The score of each question ranges from 0 to 3, corresponding to none, slight, moderate and severe symptoms, respectively. The total score is the sum
of the scores of the individual questions, and hence the minimum score is 0 and the maximum score is 27. For certain symptoms, QIDS asks multiple
questions (instead of a single question as in PHQ-9), and the maximum score of the responses to the multiple questions is used when calculating the
total score. In the following, we briefly describe the nine questions in PHQ-9, and describe the finer-level questions in QIDS when applicable.
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« Appetite level. This question asks about poor appetite or overeating. In QIDS, this question is expanded into four sub-questions: (1)
increased appetite, (2) decreased appetite, (3) increased weight, and (4) decreased weight, where (1) and (2) are mutual exclusive (one can
only choose one to answer), and (3) and (4) are mutual exclusive.

« Interest level. This question checks if there is little interest in other people or activities.
« Energy/fatigue level. This question asks whether one has lower energy in doing day-to-day activities.
¢ Concentration level. This evaluates whether one has trouble concentrating or making decisions.

* Psychomotor agitation/retardation. This question checks if one is feeling more slowed down or restless than usual. In QIDS, this question
is divided into two sub-questions: (1) feeling slowed down, and (2) feeling restless.

¢ Self-criticism. This question evaluates whether one feels bad about herself or that she is letting her family down.
 Feeling sad/depressed. This question records whether one is feeling down, depressed, sad or hopeless.

« Sleep disturbance. This question checks if one is having trouble sleeping. In QIDS, this question is expanded to four sub-questions: (1)
time taken falling asleep, (2) sleep during night, (3) waking up too early, and (4) sleeping too much.

¢ Suicidal ideation. This question checks if one has any suicidal intent.

2.2. High-level Approach

We predict the individual symptoms described above using machine learning models. Specifically, we first collect data and ground truth to
train machine learning models. After that, we use testing data to evaluate the prediction accuracy of the models. We consider two scenarios of data
collection.

« Using sensing data collected on smartphones. In this scenario, the sensing data was passively collected from smartphones, through an
app that runs in the background on the phones. A wide variety of sensing data (e.g., location, activity, phone usage) can be collected. We
primarily focus on location data in this paper. The data was collected over 24 hours each day.

« Using meta-data collected from institution infrastructure. In this scenario, meta-data was passively collected from a wireless infrastruc-
ture (e.g., campus WiFi network in a university). Specifically, we use WiFi association data to provide information on user locations over
time (since a phone needs to be close to an AP for the association, the location of the AP can approximate the location of the phone/user).
We further consider two cases in this scenario: (1) using data collected over 24 hours each day, and (2) only using data collected during
daytime (8am-6pm). The first case is applicable when a user spends significant amount of time during both night and day on campus (e.g., a
student living on campus), while the second is applicable when a user comes to a campus for work/study during the daytime, and spends the
rest of the time off campus. Clearly, 24-hour data provides more insights into a user’s behavior than daytime data. We also explore the
daytime case since it is common in practice, and it is interesting to explore whether daytime location information alone already provides
substantial insights into depression symptoms.

Advantages of our approach. Our approach of using passively collected data to automatically predict individual depressive symptoms eliminates
the need for users to manually fill in their depressive symptoms, and hence provides a convenient mechanism for continuous monitoring. In addition,
the prediction can provide objective assessment, which does not suffer from recall bias. The second scenario described above can be used for
depressive symptom assessment on a large scale. For example, it can be used to estimate the percentage of students feeling depressed in a university.
‘When a university carries out activities to improve the mental health of the students (e.g., hold events to raise the awareness of mental health
or advocate best practices to improve mental health), it can be further used to assess the effectiveness of these activities (e.g., by comparing the
percentage of students feeling depressed before and after the activities).

Deployment issues. The focus of this study is to explore the feasibility of using data collected in the above two scenarios in predicting depression
symptoms. Clearly, user privacy and responsible usage of the data need to be considered carefully in any system that uses our approach, which are
beyond the scope of this paper; a brief discussion of the pros and cons of using these two types of data and deployment issues is in [36].

3. Data Collection

We collected data from a two-phase study at the University of Connecticut. Phase I study was from October 2015 to May 2016; Phase II study
was from February 2017 to December 2017. The participants were full-time students of the university, aged 18-25. We recruited 79 participants
in Phase I study (73.9% female and 26.1% male; 62.3% white, 24.6% Asian, 5.8% African American, 5.8% with more than one race, and 1.5%
being other or unknown), and recruited 103 participants in Phase II study (76.7% female and 23.3% male; 58.3% white, 25.2% Asian, 3.9% African
American, 7.8% with more than one race, and 4.9% being other or unknown).

All participants met with our study clinician for informed consent and initial screening before being enrolled in the study. Based on the clinician
assessment, in Phase I study, 19 and 60 participants were classified as depressed and non-depressed, respectively; in Phase II study, the corresponding
numbers are 39 and 64. In both phases, we intended to recruit the same number of depressed and non-depressed participants, and were not able to
recruit as many depressed participants as intended.
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A subset of the data has been used in our prior works [[10}|39|19,140]. None of them explores predicting individual depressive symptoms as in
this study. We next briefly describe four types of data that are used in this study: smartphone sensing data, meta-data from campus WiFi infrastruture,
questionnaire responses, and clinician assessment. For user privacy, the identities of the participants were removed and were annotated with random
IDs.

3.1. Smartphone Sensing Data

The sensing data was collected using LifeRhythm [[10], an app that we developed for Android and iPhone, the two predominant smartphone
platforms. The app runs in the background, passively collecting sensing data with no need of user interaction. The Android version of the app was
developed based on an existing publicly available library, Emotion Sense library [18]]; for iPhone, the app was developed using Swift from scratch.
While a variety of sensing data is collected by the app, we focus on location data in this paper. Specifically, we collected two types of location
data on the phones: GPS locations and WiFi association events. Each GPS location sample contains the timestamp, longitude, latitude, user ID,
and error (in meters). Each AP association log contains the timestamp, the ID of the AP, and whether the event is association or dissociation. On
Andriod phones, the GPS data were collected periodically every 10 minutes. On iPhones, there is no convenient mechanism for collecting GPS data
periodically, and therefore we designed an event-based data method. For both platforms, the WiFi association data were logged based on events. See
more details on data collection in [10].

GPS and WiFi data are complementary to each other: GPS works well outdoors while WiFi works better indoors; GPS provides finer-granularity
location data than WiFi but is more energy consuming. We have developed a technique to fuse the two sources of data for more complete location
coverage [39]]. After fusion, the location data is represented as longitude and latitude pairs at the granularity of one minute; the time points with
unknown locations are marked with unknown. The fused location data is used in the analysis.

3.2. Meta-data from WiFi Infrastructure

The meta-data from the WiFi infrastructure refers to the WiFi association logs that were captured at the APs (note that it differs from the WiFi
association data in Sectionm which was collected on the phones, not from APs). Specifically, the information collected at the APs were queried by
the university’s IT services using standard network management protocols, and then sent to us on a regular basis. Each record corresponds to an AP
association event, including the MAC address of the AP, the MAC address of the wireless device, the start time of the association, and the duration of
the association. To preserve user privacy, for each AP association record, we hashed the MAC addresses of both the AP and device to 16 bytes
each, and then stored the hashed values on our data collection server. Finding a participant’s AP association records was based on the hashed MAC
address of the participant’s phone. The location information in an AP association record is represented by the ID of the AP, instead of longitude and
latitude values as in location data collected on smartphone phones. We further leverage additional information from the IT services to map each AP
to a building on campus. After that, the location information is represented as the building IDs.

Note that the data can only be collected when a participant is on campus and connected to the campus WiFi infrastructure. Since most students
were not on campus during the holidays (Thanksgiving and Christmas) and breaks (spring, winter and summer breaks), our data analysis excluded
those time periods.

3.3. Questionnaire Responses

In Phase I study, a participant filled in a PHQ-9 questionnaire during the initial assessment, and then every two weeks using an app that we
developed. In Phase II study, following the suggestions from our study clinician, we switched from PHQ-9 to QIDS since it allows finer-grained
labeling of depression symptoms and more frequent self-reports from participants. A participant filled in a QIDS questionnaire initially and every
week using an app that we developed. Both the PHQ-9 and QIDS apps sent a notification to a participant to fill in the respective questionnaire on the
due dates, and sent a reminder to the participant if a questionnaire was not filled in three days after the due date. The filled-in questionnaires were
encrypted at the phone and then sent to our secure data collection server.

3.4. Clinical Assessment

Every participant was assessed by a clinician at the beginning of the study. Specifically, using an interview that was designed based on the
Diagnostic and Statistical Manual of Mental Health (DSM-5) and PHQ-9/QIDS evaluation, the clinician classified individuals as either depressed
or non-depressed during the initial screening. A participant with a diagnosis of depression must participate in treatment to remain in the study.
In addition, depressed participants had follow-up meetings with the clinician periodically (once or twice a month determined by the clinician) to
confirm their self-reported PHQ-9/QIDS scores with their verbal report during the meetings.

4. Predicting Depressive Symptoms Using Smartphone Sensing Data

In this section, we report the prediction results of individual depressive symptom using sensing data directly collected from smartphones; the
results when using meta-data collected from WiFi infrastructure are deferred to SectionEI In the following, we first describe data preprocessing and
feature extraction. We then describe the classification methodology and the prediction results.
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4.1. Data Preprocessing and Feature Extraction

‘We preprocess the data collected in PHQ-9 or QIDS intervals for each participant. Specifically, a PHQ-9 interval includes 15 days, the day
when a PHQ-9 questionnaire is filled in and the previous 14 days (since PHQ-9 asks depressive symptoms in the previous two weeks). Similarly, a
QIDS interval includes 8 days, the day when a QIDS is filled in and the previous 7 days (QIDS asks depressive symptoms in the previous week).
Each PHQ-9/QIDS interval contains a questionnaire response from a participant, and the associated sensing data collected on smartphones. We only
focus on location data, which is obtained by fusing the location data from GPS and WiFi association data that were collected on the phones (see
Section@. Even after data fusion, we still have substantial missing data. We therefore omit the PHQ-9/QIDS intervals with low data coverage in
the data analysis. Specifically, if a PHQ-9 interval has less than 13 days with data or has less than 40% of the data points in the days with data, we
omit the PHQ-9 interval in the analysis. For a QIDS interval, the corresponding thresholds are 6 days and 50%, respectively.
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Fig. 1: Number of samples for individual depressive symptoms (Phase I study).

Samples. We now describe the number of samples (each corresponding to a self-report interval) after the above data preprocessing procedures.
‘We present the samples for Android and iPhone users separately because the data collection follows significantly different methodologies (see
Section @, and hence our analysis is conducted for these two platforms separately. For Phase I, 25 are Android users (6 depressed and 19
non-depressed) and 54 are iPhone users (13 depressed and 41 non-depressed). For Phase I, 34 are Android users (12 depressed and 22 non-depressed)
and 69 are iPhone users (27 depressed and 42 non-depressed).

Fig.m plots the histograms of the scores for each depressive symptom for Phase I participants, where the depression status (i.e., whether one is
depressed or not) is based on clinician assessment. The score for a symptom is either 0 (no symptom) or larger than O (i.e., 1, 2, or 3, corresponding
to slight, moderate or severe symptom, respectively). The reason for plotting only these two types of scores is that the number of samples of scores 2
and 3 is low, and hence we group them together with the samples with scores of 1. Our classification (Section[.3) is therefore for two classes:
absence and presence of symptom for each individual symptom. We see from the figure that for depressed participants, not surprisingly, a higher
fraction of the scores for a depressive symptom is greater than O (i.e., has the symptom), while for non-depressed participants, a higher fraction of
the scores is zero (i.e., does not have the symptom). A symptom label is marked in red if the samples are significantly unbalanced (specifically,
the number of samples in one class is more than 4x or less than 1/4 of the other), which will not be used in the analysis later on. The question of
suicidal ideation is omitted from the figure since the scores are predominantly 0.

Fig. plots the histograms of the scores for each depressive symptom for Phase II participants. We observe similar trends as those in Phase 1.
Again, the question of suicidal ideation is omitted due to the reason as described earlier.

Feature Extraction. We extract the following 10 features from the location data. The first four features are directly based on location data, while
the last six features are based on locations clusters obtained using DBSCAN [8]], a density based clustering algorithm to cluster the stationary points
(i.e., those with moving speed less than 1km/h). DBSCAN requires two parameters, epsilon (the distance between points) and the minimum number
of points that can form a cluster (i.e., the minimum cluster size). We varied the settings for these two parameters and selected the settings that led to
the best overall correlations between the features and the PHQ-9/QIDS scores. For both Phases I and II, we set epsilon as 0.0002 (approximately 22
meters). For Phase I, the minimum number of points is set to correspond to 2.5 hours’ stay (i.e., 160 since two adjacent locations are one minute
apart after data fusion). For Phase II, it is set to correspond to around 3 hours’ stay.
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Fig. 2: Number of samples for individual depressive symptoms (Phase II study).

Location variance. This feature [27] measures the variability in a participant’s location. It is calculated as log( + Glzat)’ where Glzong

2
cylong
and Glzat represent the variance of the longitude and latitude of the location coordinates, respectively.

Time spent in moving. This feature represents the percentage of time that a participant is moving. Specifically, as in [27], we estimate the
moving speed at a sensed location, and treat a speed larger than 1km/h as moving, and as stationary otherwise.

Total distance. Given the longitude and latitude of two consecutive location samples for a participant, we use Harversine formula to
calculate the distance traveled in kilometers between these two samples. The total distance traveled during a time period is the total distance
normalized by the time period.

Average moving speed. This feature represents the average moving speed, where movement and speed are identified in the same way as
what is used for the total distance feature.

Number of unique locations. It is the number of unique clusters from the DBSCAN algorithm.

Entropy. It measures the variability of time that a participant spends at different locations. Let p; denote the percentage of time that a
participant spends in location cluster i. The entropy and is calculated as — Y (p;log p;).

Normalized entropy. It is entropy divided by the number of unique clusters. Hence it is invariant to the number of clusters and depends
solely on the distribution of the visited location clusters [27].

Time spent at home. This feature represents the percentage of time when a participant is at home. Following [27]], we identify “home” for a
participant as the location cluster that the participant is most frequently found between [0, 6]am.

Circadian Movement. This feature is calculated as in [27]. It measures to what extent a participant’s sequence of locations followed
a 24-hour or circadian thythm. To calculate circadian movement, we first use the least-squares spectral analysis, also known as the
Lomb-Scargle method [24], to obtain the spectrum of the locations (represented by the cluster IDs). We then calculate the amount of energy
that falls into the frequency bins within a 24 £ 0.5 hour period as

E=)Y psd(fi)/ (i1 —i2), M

where i =iy,i; +1,...,i2, and i; and i, represent the frequency bins corresponding to 24.5 and 23.5 hour periods, respectively, psd (i)
denotes the power spectral density at each frequency bin f;. The total circadian movement is then calculated as log(E).

6
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Depressive symptom | Fj Score | Precision | Recall | Specificity | # of features selected
All Energy 0.69 0.66 0.73 0.50 10
Feeling-depressed 0.70 0.66 0.74 0.53 4
Interest 0.62 0.63 0.61 0.55 2
Tg Self-criticism 0.71 0.70 0.72 0.73 5
'§ Sleep 0.64 0.62 0.65 0.63 5
< | Depressed Energy 0.76 0.78 0.74 0.76 5
Feeling-depressed 0.69 0.67 0.71 0.54 4
Interest 0.69 0.63 0.77 0.60 6
Sleep 0.65 0.57 0.76 0.52 5
Non-depressed | Concentration 0.62 0.68 0.56 0.70 3
Energy 0.71 0.65 0.78 0.56 9
Feeling-depressed 0.70 0.65 0.76 0.66 3
Interest 0.62 0.59 0.65 0.52 5
Sleep 0.61 0.65 0.57 0.78 3
All Appetite 0.75 0.74 0.75 0.70 7
Concentration 0.69 0.69 0.69 0.65 3
Energy 0.61 0.54 0.71 0.50 5
Feeling-depressed 0.73 0.74 0.73 0.78 10
Interest 0.76 0.80 0.73 0.79 7
Self-criticism 0.80 0.81 0.79 0.78 6
Sleep 0.71 0.71 0.70 0.69 8
Depressed Appetite 0.79 0.75 0.84 0.67 9
4 Concentration 0.70 0.65 0.75 0.50 4
- Energy 0.74 0.64 0.87 0.57 5
Feeling-depressed 0.83 0.90 0.76 0.88 5
Interest 0.81 0.78 0.84 0.82 5
Self-criticism 0.81 0.80 0.82 0.78 4
Sleep 0.68 0.68 0.69 0.70 4
Non-depressed | Energy 0.67 0.65 0.69 0.51 2
Feeling-depressed 0.65 0.64 0.67 0.56 9

Table 1: Prediction of individual depressive symptoms for Phase I study (using smartphone sensing data).

* Routine Index. This feature is adapted from [3]). It quantifies how different the locations (represented by the cluster IDs) visited by a user in
a day differs from those visited in another day. Specifically, it considers two days d; and d5 in a self-report interval (i.e., PHQ-9 or QIDS
interval). Let ¢;1,...,¢;, denote the locations that were visited in each minute on day #, i = 1,2 (we only consider the set of intervals where
there are recorded locations in both days). Then the similarity of these two days is

sim(a’] ,dz) = ( g(fu,(z_») /n, (2)
j=1

Jj=

where g({1,¢2;) = 1if £1; = {5}, and is zero otherwise. We see the value of sim(d;,d>) is between 0 and 1, and a larger value represents a
higher degree of similarity. The routine index of a self-report interval is the average of the similarities of all pairs of days within the interval.
It is a value between 0 and 1; higher values indicate that the locations visited over the days are more similar.

4.2. Classification Methodology

For each depressive symptom, we used Support Vector Machine (SVM) models with a RBF kernel [4] for classifying whether one has the
symptom or not. The classification is done for each self-report interval, using the self-report from a participant as the ground truth. The presence of the
depressive symptom is considered as positive and the absence of the symptom is considered as negative. The SVM model has two hyper-parameters,
the cost parameter C and the parameter y of the radial basis functions. We used leave-one-user-out cross validation procedure (i.e., no data
from one user was used in both training and testing to avoid overfitting) to choose these two parameters. Specifically, we varied C and 7y both in
2715 2714 214 215 and chose the values that gave the best validation F; score. The Fy score, defined as 2(precision x recall) / (precision -+ recall),
is a weighted average of the precision and recall. It ranges from O to 1, and the higher, the better.

The above choice of parameters is performed for a given set of features. For each depressive symptom, we further selected the best set of
features using SVM recursive feature elimination (SVM-RFE) [14} 25 138]l, which is a wrapper-based feature selection algorithm designed for SVM.
The goal of SVM-RFE is to find a subset of features out of all the features to maximize the performance of the SVM predictor. For a set of n features,
we used SVM-RFE for feature selection as follows. For each pair of values for C and ¥, SVM-RFE provided a ranking of the features, from the most
important to the least important. After that, for each feature, we obtained its average ranking across all the combinations of C and y values, leading
to a complete order of the features. We then varied the number of features, &, from 1 to n. For a given k, the top k features were used to choose the
parameters, C and 7y, to maximize Fj score based on the leave-one-user-out cross validation procedure as described above. The set of top k features
that provides the highest F| score is chosen as the best set of features.
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Depressive symptom | Fj Score | Precision | Recall | Specificity | # of features selected
All Concentration 0.60 0.66 0.54 0.66 5
Interest 0.64 0.65 0.63 0.63 6
Self-criticism 0.65 0.64 0.65 0.62 2
9 Depressed Appetite 0.68 0.59 0.81 0.53 10
_g Concentration 0.63 0.62 0.63 0.61 3
Z Feeling-depressed 0.65 0.61 0.68 0.58 2
Interest 0.69 0.63 0.76 0.60 2
Non-depressed | Feeling-depressed 0.60 0.63 0.54 0.72 3
Psychomotor 0.60 0.56 0.60 0.56 2
All Concentration 0.63 0.62 0.64 0.50 10
Energy 0.63 0.63 0.63 0.52 2
m Feeling-depressed 0.67 0.66 0.68 0.52
Q Self-criticism 0.61 0.59 0.63 0.50 10
Sleep 0.64 0.63 0.66 0.62 10
Depressed Appetite 0.61 0.55 0.68 0.53 5
Interest 0.60 0.53 0.69 0.50 4
Non-depressed | Energy 0.60 0.58 0.59 0.52 8
Feeling-depressed 0.64 0.61 0.66 0.50 7

Table 2: Prediction of individual depressive symptoms for Phase II study (using smartphone sensing data).

4.3. Symptom Prediction Results

We next present the prediction results of the individual depression symptoms for Phase I and Phase II studies. The results for the Android and
i0S datasets are presented separately because of the significantly different data collection mechanisms that were used on these two platforms. For
each platform, we report the results for three cases: all the participants, the depressed participants, and the non-depressed participants. The first
case (all the participants) is interesting since it is for the (common) scenario when there is a mixture of depressed and non-depressed users, and the
ground truth of the depression status is unknown. The second case is interesting since it provides insights on whether smartphone sensing data can
be used by depressed users to categorize their individual depression symptoms automatically. Similarly, the third case provides insights on whether
the automatic depression symptom categorization can be used by non-depressed users. The prediction results shown below include F; score as well
as three other important performance metrics (including precision, recall, specificity). In addition, the number of features in the best set of features
that was selected for the prediction is listed in the table. As mentioned earlier, the suicidal intent symptom is excluded from the analysis (since the
responses are predominantly 0).

Phase I Results. Table|[T] presents the classification results for Phase I study. For each depressive symptom, the number of samples from Android
users is 171 (54 from depressed and 116 from non-depressed participants); the number of samples from the iOS users is 221 (84 from depressed
and 137 from non-depressed participants). A symptom label is marked in red in Fig. [I)if the numbers of positive and negative samples are very
unbalanced (specifically, their ratio is over 4 or less than 1/4). The results below exclude such symptoms. For the remaining symptoms, we only list
the symptoms with the resultant Fj score above 0.6 in the table.

We first describe the results for Android users. As shown in Figures[T](a) and (b), psychomotor is excluded from the analysis for both depressed
and non-depressed participants, and in addition self-criticism is excluded from the analysis for non-depressed participants. From Table[T] (the top
part), we see that for depressed participants, four symptoms, energy level, feeling depressed, interest and sleep disturbance, were predicted with
significant Fj scores (above 0.6). These four symptoms were also predicted with significant Fj scores for all and non-depressed participants. In
addition, another symptom, self-criticism, was predicted accurately for all participants; and concentration was predicted accurately for non-depressed
participants.

The above results show that, maybe surprisingly, location features, which are behavioral in nature, can be used to predict cognitive symptoms
such as feeling depressed, interest and concentration accurately. This may be because location characteristics are inherently correlated with cognitive
symptoms. For instance, feeling depressed or lack of interests may lead one to move less, visit less places and stay in a smaller number of places
for a longer period of time. Indeed, the features that were selected for predicting feeling depressed include entropy, normalized entropy, number
of locations, and distance traveled. The features that were selected for predicting interests and concentration include location variance, entropy,
normalized entropy, the amount of time moving, and the distance traveled. We further observe that sleep can be predicted accurately, consistent
with existing studies that show that smartphones data can be used for detecting sleeping patterns [211 |5 22} [15]. We also observe that, for the
symptoms that were predicted accurately for depressed participants, their F] scores tend to be higher than the corresponding F; scores for the other
two cases (i.e., all the participants and the non-depressed participants), indicating that the smartphone sensing data is more effective in keeping track
of the depression symptoms for depressed participants. This might be because, for depressed participants, their self-report scores of the individual
symptoms reflect more consistently their psychological status. This observation is consistent with results in our prior work [[19,136], which show
that location features are more correlated with the overall self-report scores (i.e., the sum of the scores of the individual symptoms) for depressed
participants than that for the non-depressed participants.

TableE](bottom part) shows the results for iOS users. As shown in FiguresE] (c) and (d), psychomotor is excluded from the analysis due to
significantly unbalanced samples. We see that all seven symptoms (i.e., all the nine symptoms excluding psychomotor and suicidal intent) that
we considered were predicted accurately for depressed users. The Fj score ranges from 0.61 to 0.83. Out of the seven symptoms, four symptoms
(concentration, feeling-depressed, interests and self-criticisms) are cognitive, confirming our earlier observation that location features can be used to
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predict cognitive symptoms accurately. For non-depressed participants, two symptoms, energy level and feeling depressed, were predicted accurately.
For all the participants, all seven symptoms were predicted accurately, with the predicted F; scores slightly lower than those for the depressed
participants, consistent with the results for the Android users.

Phase II Results. Table |Z|presents the classification results for Phase II dataset. For each depressive symptom, we have 499 samples from the
Android users (140 from depressed and 359 from non-depressed participants), and 1183 samples from the iOS users (448 from depressed and
735 from non-depressed participants). The number of samples in each case is significantly larger than that in Phase I study because each sample
corresponds to a one-week time period (since the QIDS questionnaire used in Phase II asks about the symptoms in the past week), instead of
two-week time period as in Phase I study. In addition, the number of participants (particularly, depressed participants) in Phase II is larger than that
in Phase L.

The top part of Table|Z|sh0ws the results for Android participants. For the depressed participants, in addition to suicide intent, three symptoms
(energy level, psychomotor, and sleep) were not considered in the analysis due to significantly unbalanced samples. Of the five remaining symptoms,
four symptoms, one behavioral (appetite) and three cognitive (concentration, feeling depressed, and interest) symptoms, were predicted accurately;
and only one symptom (self-criticism) was not predicted accurately. For the non-depressed participants, in addition to suicide intent, three symptoms
(concentration, interests, and self-criticism) were excluded from the analysis. Of the five remaining symptoms, two symptoms (feeling depressed and
psychomotor) were predicted accurately. For all the participants, the symptoms that were predicted accurately include concentration, interest and
self-criticism. We again observe higher F; scores for the depressed participants than those for the non-depressed and all participants.

The bottom part of Table|2| shows the results for iOS participants. For the depressed participants, two symptoms (suicide intent and sleep) were
excluded from the analysis. Of the remaining seven symptoms, two symptoms (appetite and interest) were predicted with F scores larger than 0.6.
For non-depressed participants, two symptoms (energy and feeling depressed) were predicted with significant F; scores. The fewer symptoms that
were predicted accurately compared to Phase I results (see the bottom part of Tablem) might be due to two factors: (1) the location features in Phase
II were extracted from one-week location data (instead of two-week data as in Phase I), and (2) the location data were collected using an event-based
mechanism on iOS platform. While the first factor also holds true for Android data, the periodic data collection on Android leads to better location
coverage than the event-based location collection on iOS platform [40], leading to impact on the classification results for individual symptoms. We
believe that the Phase I iOS results can be improved by better data preprocessing (e.g., using better techniques for handling the missing data to
provide more complete data coverage) and feature extraction (e.g., including more features); further investigation is left as future work. For all the
participants, five symptoms were predicted accurately, which were predicted accurately in Phase I study as well.

Summary. Summarizing the results in Phase I and Phase II studies, we observe that three symptoms, appetite, interest and feeling depressed,
were predicted accurately across multiple settings for depressed participants. For non-depressed participants, one symptom, feeling depressed,
was predicted accurately in all the settings. For all the participants, concentration, energy, feeling-depressed, interest, self-criticism, and sleep
were predicted accurately in various settings. The predicted Fj score is up to 0.83, comparable to the F; scores obtained for predicting the overall
depression status [[10 391|191 140]. Given that the data was collected passively without any efforts from the users, automatic prediction using the
collected data provides an attractive approach for keeping track of the absence and presence of depressive symptoms continuously over time. The
differences in Phase I and II results, particularly for iOS users, also point out future directions in improving data collection, preprocessing and feature
extraction to tackle the challenges of missing data.

5. Predicting Depressive Symptoms Using WiFi Infrastructure Data

We now present the prediction results of individual depressive symptom when using meta-data collected from WiFi infrastructure. In the
following, we first describe data preprocessing and feature extraction, and then the prediction results. The classification methodology is the same as
that presented in Section[.2]

5.1. Data Preprocessing and Feature Extraction

As mentioned in Section@ the location information is represented as building IDs (by mapping an AP that a phone is associated with to the
building that the AP is located in). We again filter out PHQ-9 and QIDS-intervals that do not contain sufficient amount of data. Specifically, we
exclude a PHQ-9 interval if it contains less than 14 days of data, and exclude a QIDS interval if it contains less than 7 days of data. Figures@and@
plot the number of samples (PHQ-9/QIDS intervals) after the above data preprocessing for Phase I and Phase II studies, respectively. The results
for the two scenarios, 24-hour and daytime monitoring, are shown in the figures. We again plot the scores for the depressed and non-depressed
participants separately (the depression status is based on clinician assessment). As expected, for each symptom, the fraction of the scores larger than
0 (i.e., with the symptom) is higher for the depressed participants than that for the non-depressed participants.

We extracted the following 18 features from the data. The first six features, including the number of unique locations, entropy, normalized
entropy, time spent at home (only applicable to 24-hour monitoring), circadian movement, routine index, are the same as those used for smartphone
sensing data (Section @, except that the locations are represented as building IDs instead of cluster IDs. The remaining 12 features are described
below; most of them are related to the categories of the buildings (we broadly classified the campus buildings based on their main purposes as
entertainment, sports, class, library, and others).

¢ Number of significant locations visited. This featured is calculated as in [3]. Let S denote the top 10 most significant buildings visited by a
user (i.e., the 10 buildings where a user spent the most time) during the period of study. The number of significant locations in a self-report
interval (i.e., PHQ-9 or QIDS interval) is the number of unique buildings visited in the interval that are in S.
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Fig. 3: Number of samples for depressive symptoms for Phase I study (using WiFi infrastructure data).

* Number of Entertainment, Sports and Class buildings visited. The campus has multiple entertainment, sports and class buildings. For
each category of buildings, we calculated the number of unique buildings visited by a participant in a given PHQ-9 or QIDS interval.

¢ Average duration spent in Entertainment, Sports, Library and Class buildings. These features represent the average duration that a
participant spent in each category of buildings over a PHQ-9 or QIDS interval.

* Number of days visiting Entertainment, Sports, Library and Class buildings. These features represent the number of days that a
participant visited a specific category of buildings over a PHQ-9 or QIDS interval.

5.2. Symptom Prediction Results

We next present the prediction results. For both 24-hour and daytime monitoring, we again report the results for three cases: all the participants,
the depressed participants, and the non-depressed participants. Again, the suicidal intent symptom is excluded from the analysis.

Phase I Results. Table@presents the classification results for Phase I study. For each symptom, the number of samples from all the participants is
146 for 24-hour monitoring (36 from depressed and 110 from non-depressed participants); the number of samples from all the participants is 155 for
daytime monitoring (37 from depressed and 118 from non-depressed participants). Again, a symptom marked in red in Fig,Elis excluded from the
analysis due to significantly unbalanced samples.

We first present the results for depressed participants. For both 24-hour and daytime monitoring, in addition to suicidal intent, psychomotor was
excluded from the analysis. All the seven remaining features were predicted with significant F; scores. Specifically, all four cognitive symptoms
(concentration, interest, feeling depressed, self-criticism) were predicted accurately using location features, consistent with earlier prediction results
using smartphone sensing data (Section@). The number of selected features tends to be small. The selected features include (normalized) entropy,
circadian movement, routine index and various features related to building semantics (e.g., number of days of visiting sports buildings, number of
days or durations visiting library buildings).

For all the participants, we again observe that all the seven symptoms that were analyzed were predicted accurately. The F; scores are slightly
lower than those for depressed participants, consistent with the prediction results when using smartphone sensing data (Section@). The number of
selected features is large for some symptoms. For non-depressed participants, four symptoms were considered in analysis (the other five symptoms
do not have sufficiently balanced samples) for both 24-hour and day-time monitoring. Out of these four symptoms, sleep was predicted accurately.

Phase II Results. TableEpresents the classification results for Phase II study. For each symptom, the number of samples from all the participants is
216 for 24-hour monitoring (64 from depressed and 152 from non-depressed participants); the number of samples from all the participants is 212 for
daytime monitoring (68 from depressed and 144 from non-depressed participants).

We again first present the results for depressed participants. For both 24-hour and daytime monitoring, sleep and suicidal intent were excluded
from the analysis. All the seven remaining symptoms were predicted accurately using 24-hour monitoring; for daytime monitoring, all seven
symptoms except for self-criticism were predicted accurately. For all participants, six and five symptoms were predicted accurately for 24-hour

10



Smart Health (2019)

[l Score=0

Il Score=0
120 [ Score>0, 120 I Score>0
5 100 5 100
8 8
=4 =4
5 80 E 80
b b
8 60 8 60
E €
2 2
40 40
) II II II II II I II ) I I I
0 0
Appetite  Concentration  Energy ~Feel Depressed Interest  Psychomotor Self-Criicism Sleep Appetite  Concentration  Energy Feel Depressed Inerest  Psychomotor Seff-Criticism ~ Sleep
Symptoms Symptoms
(a) 24-hour, depressed. (b) 24-hour, non-depressed.
140 : : : : 140
IlScore=0 Il Score=0
120 [EScore>0 120 I Score>0
5 100 5 100
8 8
g g
g 80 s 80
b 5
g 60 g 60
E €
2 2
40 40
) II II II II II I II ) I I I
, | N ,
Appetite  Concentration  Energy ~Feel Depressed Interest ~ Psychomotor Self-Criticism ~ Sleep Appetite  Concentration  Energy Feel Depressed Interest ~ Psychomotor Seff-Criticism  Sleep
Symptoms Symptoms
(c) daytime, depressed. (d) daytime, non-depressed.

Fig. 4: Number of samples for depressive symptoms for Phase II study (using WiFi infrastructure data).

and daytime monitoring, respectively. For non-depressed participants, of the six symptoms considered in the analysis for 24-hour monitoring, five
were predicted accurately; for daytime monitoring, four out of the seven symptoms were predicted accurately. Again, the predicted F; scores for
depressed participants tend to be higher than those for all the participants and non-depressed participants.

Summary. The above results of both Phase I and Phase II studies demonstrate that location features automatically extracted from WiFi network
meta-data can be used to predict individual depressive symptoms accurately, even in the cases where only daytime information is available. The
prediction is more effective for depressed participants. For the overall population, a wide range of depressive symptoms can be predicted with good
accuracy. The predicted Fy score is up to 0.86, comparable to that for predicting the overall depression status [36]. The prediction will be helpful for
an institution to keep tabs on the overall mental health status of the employees/students in the institution at very little cost. We further found that the
features related to the building categories are particularly useful for classification, highlighting the importance of including fine-grained location
features.

6. Predicting Finer-level Depressive Symptoms

In QIDS questionnaire (used in Phase II study), some symptoms have multiple sub-questions, presenting finer-level symptom information.
Specifically, there are four sub-questions on sleep disturbance, four sub-questions on appetite/weight, and two sub-questions on psychomotor
agitation/retardation. We next explore using smartphone sensing data and WiFi infrastructure data to predict these finer-grain depressive symptoms

(see Section 2:T).

Methodology. Figures|§|andplot the number of samples (QIDS intervals) for each finer-level depressive symptom. For most symptoms, the label
is either O (no symptom, i.e., score is 0) or 1 (with symptom, i.e., the score is larger than 0). For appetite and weight, the label is O (no change in
appetite/weight), 1 (increased appetite/weight), or 2 (decreased appetite/weight) since the sub-questions on increased or decreased appetite/weight
are mutual exclusive. Again we see that non-depressed participants have significantly higher fraction of samples with label O (i.e., no symptom) than
depressed participants. We used the same features as described in Sections@andElfor prediction. The classification methodology for two-label
symptoms is as described in Section@ For the symptoms with three labels, we again used SVM models; the hyper-parameters were chosen so that
the average Fj scores of the three classes is maximized.

Prediction Results. Tablepresents the classification results using smartphone sensing data. The results for both Android and iOS users were
listed in the table. As observed in Section@ the prediction results for Android users were (slightly) better than those of the iOS users, which
may be due to more complete data on Android phones. The F} scores for appetite and weight were below 0.6 and not presented in the table. The
Fj scores for some sleep related finer-level symptoms were significant. Given the intricate relationship between sleep and depression 21371,
treating sleep disorders is an important component of treating depression. Our results indicate that smartphone data can be used to automatically
keeping track of sleeping disorders, particularly for depressed patients during treatment, and potentially providing objective assessment on whether
the treatment is effective or not for a patient.

11
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Depressive symptom | Fj Score | Precision | Recall | Specificity | # of features selected
All Appetite 0.79 0.78 0.80 0.79 7
Concentration 0.60 0.60 0.58 0.62 4
Energy 0.63 0.61 0.67 0.61 13
Feeling-depressed 0.71 0.73 0.70 0.71 18
,%n Interest 0.72 0.65 0.80 0.66 2
g Self-criticism 0.64 0.62 067 | 059 6
é Sleep 0.67 0.65 0.68 0.72 9
5 Depressed Appetite 0.76 0.68 0.85 0.50 2
2 Concentration 0.63 0.57 0.71 0.53 5
S Energy 0.80 0.73 0.89 0.67 3
Feeling-depressed 0.85 0.83 0.78 0.84 2
Interest 0.86 0.79 0.85 0.56 3
Self-criticism 0.86 0.84 0.89 0.83 2
Sleep 0.70 0.65 0.76 0.54 3
Non-depressed Sleep 0.73 0.71 0.76 0.67 4
All Appetite 0.63 0.66 0.61 0.70 11
Concentration 0.68 0.63 0.74 0.51 5
Energy 0.68 0.68 0.68 0.71 7
Feeling-depressed 0.61 0.74 0.51 0.85 2
Interest 0.69 0.67 0.71 0.61 5
" Self-criticism 0.66 0.75 0.59 0.78 9
g Sleep 0.60 0.62 0.58 0.74 17
% Depressed Appetite 0.84 0.84 0.83 0.83 2
g Concentration 0.72 0.61 0.88 0.57 3
% Energy 0.68 0.68 0.68 0.70 7
=4 Feeling-depressed 0.82 0.72 0.90 0.61 3
8 Interest 0.76 0.73 0.80 0.65 7
Self-criticism 0.85 0.88 0.82 0.90 8
Sleep 0.75 0.69 0.81 0.50 2
Non-depressed | Sleep 0.68 0.68 0.69 0.67 8

Table 3: Prediction of individual depressive symptoms for Phase I (using WiFi infrastructure data).

Table|[g]lists the classification results using meta-data collected from WiFi infrastructure. Again, the F; scores for appetite and weight were
insignificant (and hence not included in the table). On the other hand, of the four sleep related finer-level symptoms and the two psychomotor related
finer-level symptoms, most were predicted with significant F; scores, with the F} scores for depressed participant higher than those for the other two
cases (i.e., all and non-depressed participants). Comparing the results in TablesE]and Table@ we see that the prediction results when using WiFi
infrastructure data are better than those using the smartphone sensing data. The latter can be improved by further refining feature extraction and data
collection, which is left as future work.

7. Related Work

Recent studies have used smartphone sensing data for depression prediction [114112} [131131135} 27, [1} 204 14111341 231901104 1314164139 [19]. Wang
et al. [35] reported a significant correlation between depressive mood and social interaction (specifically, conversation duration and number of
co-locations). Saeb et al. [27] found significant correlation between sensing features (phone usage and mobility patterns) and the self-reported
PHQ-9 scores. Canzian and Musolesi [3] studied the relationship between the mobility patterns and depression, and found that individualized
machine learning models outperformed general models. Farhan et al. [10] found that the features extracted from the smartphone sensing data
can predict depression with good accuracy. Suhara et al. [31] developed a deep learning based approach that forecasts severely depressive mood
based on self-reported histories. Yue et al. [39}140] investigated fusing GPS and WiFi association data, both collected locally on smartphones, for
more complete location information for improved depression detection. Lu et al. [19] developed a heterogeneous multi-task learning approach
for analyzing sensor data collected over multiple smartphone platforms. Ware et al. [36]] investigated the feasibility of using meta-data from WiFi
infrastructure for automatic depression screening. Our study differs from the above studies in that we use smartphone data to predict individual
depressive symptoms, instead of depression status (i.e., whether one is depressed or not). In addition to the nine broad categories of depressive
symptoms, we further develop prediction models for finer-grain depressive symptoms.

As other related work, Torous et al. [32] investigated adherence among psychiatric outpatients diagnosed with major depressive disorder in
utilizing their personal smartphones to run a custom app to monitor PHQ-9 depression symptoms. In addition, the authors examined the correlation
of these scores with traditionally administered (paper-and-pencil) PHQ-9 scores. Simon et al. [30] found that the response to suicidal intent question
in the questionnaire identifies patients at high risk of suicide attempt and suicide death. The studies in [21} 15} 22} [15] investigated using smartphone
data to predict sleep qualities.
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Depressive symptom | Fj Score | Precision | Recall | Specificity | # of features selected
All Appetite 0.68 0.60 0.79 0.56 2
Concentration 0.63 0.65 0.61 0.78 2
Energy 0.65 0.71 0.60 0.84 7
Interest 0.65 0.68 0.63 0.70 6
Psychomotor 0.64 0.61 0.68 0.64 16
Sleep 0.72 0.65 0.81 0.51 7
%0 Depressed Appetite 0.85 0.79 0.90 0.65 7
o Concentration 0.75 0.82 070 | 0.84 2
g Energy 0.77 0.82 0.73 0.84 4
5 Feeling-depressed 0.67 0.63 0.71 0.53 2
éf Interest 0.65 0.65 0.65 0.76 11
S Psychomotor 0.76 0.68 0.87 0.53 7
Self-criticism 0.62 0.70 0.55 0.80 3
Non-depressed Concentration 0.78 0.80 0.76 0.80 7
Energy 0.79 0.80 0.78 0.78 7
Feeling-depressed 0.69 0.69 0.69 0.63 2
Psychomotor 0.69 0.64 0.75 0.55 2
Sleep 0.66 0.65 0.66 0.74 5
All Appetite 0.64 0.65 0.64 0.70 12
Concentration 0.62 0.71 0.55 0.84 6
Psychomotor 0.63 0.58 0.68 0.58 3
Self-criticism 0.65 0.61 0.70 0.55 4
. Sleep 0.71 0.67 0.75 0.62 7
£ Depressed Appetite 0.69 0.68 0.70 0.61 6
£ Concentration 0.67 0.65 0.69 0.67 3
g Energy 0.70 0.67 073 | 0.66 6
g Feeling-depressed 0.71 0.67 0.74 0.51 7
= Interest 0.67 0.72 0.63 0.68 5
8 Psychomotor 0.62 0.58 0.67 0.50 3
Non-depressed | Concentration 0.77 0.73 0.82 0.62 5
Energy 0.72 0.71 0.73 0.68 5
Psychomotor 0.67 0.65 0.69 0.60 6
Sleep 0.70 0.62 0.80 0.58 4
Table 4: Prediction of individual depressive symptoms for Phase II (using WiFi infrastructure data).
Depressive symptom Fy Score | Precision | Recall | Specificity | # of features selected
All Feeling slowed down 0.67 0.71 0.64 0.73 5
Sleeping too much 0.60 0.59 0.58 0.65 3
— | Depressed Falling asleep 0.68 0.61 0.77 0.56 2
g Feeling restless 0.68 0.63 0.73 0.56 3
é Sleep during the night | 0.72 0.69 0.76 0.56 2
Sleeping too much 0.66 0.66 0.66 0.57 3
Waking up too early 0.68 0.65 0.71 0.55 3
Non-Depressed | Feeling restless 0.60 0.58 0.61 0.62 2
All Falling asleep 0.66 0.65 0.67 0.62 5
- Feeling restless 0.64 0.61 0.67 0.52 10
Q Waking up too early 0.63 0.60 0.67 0.53 2
Depressed Sleep during the night | 0.68 0.67 0.69 0.51 2
Non-Depressed | Sleep during the night | 0.62 0.62 0.63 0.50 5

Table 5: Prediction of finer-level individual depressive symptoms (Phase II, using smartphone sensing data).
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Fig. 5: Number of samples for finer-grain depressive symptoms for Phase II study (corresponding to smartphone sensing data).

8. Conclusion and Future Work

In this paper, we have investigated the feasibility of using smartphone data to predict individual depressive symptoms. We have constructed a
family of machine learning based models that use features extracted from two types of smartphone data (i.e., smartphone sensing data and WiFi
infrastructure meta-data) for the prediction. Our results, using data collected from 182 college students, demonstrated that a rich set of depressive
symptoms can be predicted accurately using smartphone data. Furthermore, even finer-level depressive symptoms can be predicted accurately. Our
study makes an important step forward over existing studies in demonstrating that using passively collected smartphone data is a promising direction
in automatically keeping track of depressive symptoms. We primarily used location data in this paper. The participants of the study were college
students. Future directions include (1) using other types of sensing data (e.g., activity, SMS and email logs, web browsing records), and (2) exploring
in other demographic groups.
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