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Abstract. Response rates to Ecological Momentary Assessment (EMA)
questions vary among individuals, which inevitably results in a dispro-
portionate distribution of the volume of EMA data to personal character-
istics. Previous research has explored how response rates are influenced
by subjects’ characteristics; however, few studies focused on temporal
patterns of responses to EMA questions. In this study, we examined
the relationship of personal characteristics with temporal response pat-
terns by using StudentLife dataset. From this dataset, we adopted scales
of personality traits (neuroticism, extraversion, openness, agreeableness,
conscientiousness) and mental status (depression, stress, loneliness, life
satisfaction) as subjects’ personal characteristics, and analyzed how these
characteristics relate to the subjects’ temporal response patterns for
EMA questions. Primary results of our analyses using regression models
and latent growth curve models indicated that the subjects who reported
high stress levels had a higher total number of EMA responses, but the
number of responses from these subjects tended to decrease strongly
throughout the experiment, especially after a stressful event such as the
midterm examination. We also found that the subjects who reported low
extraversion had a weak tendency to decrease the number of EMA re-
sponses throughout the experiment, but the number of EMA responses
of these subjects decreased strongly after a social event such as the school
festival. Based on our results, we discussed how the data collected with
EMA studies are biased not only in terms of personal characteristics but
also with timings.

Keywords: Ecological Momentary Assessment · StudentLife · Human Factors

1 Introduction

Ecological Momentary Assessment (EMA), also known as Experience Sampling
Method, is a longitudinal research methodology that asks study subjects in natu-
ral environments to continuously report their current thoughts, feelings, behav-
iors, or experiences in real-time [29]. Unlike traditional questionnaire surveys
in a lab setting, EMA captures within-subject fluctuations of perceived states
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(e.g., emotion) while improving ecological validity and reducing recall bias. Thus,
the EMA data have been widely used for various applications (medical valida-
tions [32, 36], mood predictions [22, 27, 28], and so on) as ground truth data of
the time-series changes in the values of people’s subjective evaluations of their
states.

In order to construct reliable EMA datasets, it is important for EMA to
obtain a large number of responses uniformly covering various conditions (e.g.,
subjects, situations, etc.); however, past studies have shown that it is difficult to
collect responses from subjects with specific characteristics [37, 30, 23, 19]. For
example, subjects with mental illness [19] or young subjects [37, 20] were found to
have low response rates. A response rate refers to the number or ratio of responses
to the EMA questions from a subject within some duration. These previous
studies show the conditions that bias EMA data against personal characteristics.
Describing such conditions is a fundamental issue in EMA research, because it
enables us to correctly evaluate and discuss the limitations and reliability of
findings drawn from EMA data.

Although prior work has examined the relationships between subjects’ per-
sonal characteristics and their EMA response rates, the effect of personal char-
acteristics on temporal changes in response rates (e.g., slopes of EMA response
frequency over time) has not been well studied yet. In our assumption, when
stressed people experience a tense or anxious event, they may spend less time
answering EMA questions because they are focused on dealing with that event.
Examining this issue has the fundamental contribution of describing in detail the
conditions that cause bias in EMA data, not only in terms of personal character-
istics but also in terms of timing. If we understand when subjects with certain
characteristics will not respond, it becomes possible to design experiments that
encourage those subjects to respond at those times. This will contribute to the
original purpose of EMA, which is to collect data uniformly under various con-
ditions.

To understand how EMA data can be biased by the subjects’ personal char-
acteristics and time, this paper analyzes the relationship between subjects’ per-
sonal characteristics and their temporal patterns of EMA responses. For the
analysis, we used four metrics to characterize the temporal response patterns:
(1) continuity : how long a subject kept responding to the EMA questions, (2)
frequency : how many EMA questions a subject responded to per day, (3) overall
slope: how the number of EMA responses per day for a subject increase/decrease
over time, and (4) period-separated slopes: how the increase/decrease in EMA
response numbers per day over time for a subject vary between time periods.
Therefore, this paper addresses the following research questions.

RQ1 What kind of personal characteristics affect continuity?
RQ2 What kind of personal characteristics affect frequency?
RQ3 What kind of personal characteristics affect overall slope?
RQ4 What kind of personal characteristics affect period-separated slopes?

The four metrics extracted from the daily frequency of EMA responses are
shown in Figure 1. We measured continuity as the difference between the first
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Fig. 1. A sample case of a subject: relationship of continuity (participation length),
frequency (average of daily frequency), overall slope, and period-separated slopes with
daily frequency of EMA responses (the bar colored in black). For period-separated
slopes, three periods are given: week #1–#6 (day 0–41), week #6–#8 (day 42–55), and
week #8–#10 (day 56–67). Note that overall slope is introduced from daily frequency,
and that period-separated slopes are calculated from daily frequency per week.

and the last response time to the EMA in order to assess how long subjects
keep participating in the experiment, and frequency as the average number of
EMA responses per day to elucidate how active subjects were in making EMA
responses. We scaled overall slope as a linear trend component of daily frequency
of EMA responses throughout the experiment to understand the overall trend
in the number of responses to EMA over time. Moreover, we quantified period-
separated slopes as linear trend components of week-level daily frequency of EMA
responses in each of the periods stipulated for discovering how slopes differ be-
tween the periods (we set the periods by considering the events of the university
(e.g., the midterm examination and the school festival) and the validity of the
models used for the analysis).

For our analyses, we used StudentLife dataset [38]. StudentLife [38] followed
48 students at Dartmouth University over 10 weeks to collect responses for EMA
questions, answers to questionnaire surveys, and passively-sensed data (e.g., wifi
logs). The dataset also contains information about the school events including
the examination period and the school festival at the university. In this paper,
we used all of the EMA data to measure response rates of subjects. We also used
the questionnaire data of personality traits (neuroticism, extraversion, openness,
conscientiousness, and agreeableness) and mental status (depression, perceived
stress, loneliness, and flourishing) as personal characteristics.

To address RQ1, RQ2, and RQ3, we run a series of regression analyses to
explain a participation length (i.e., continuity), an average of daily frequency of
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EMA responses (i.e., frequency), and a linear trend component of daily frequency
of EMA responses (i.e., overall slope) from personal characteristics (i.e., scales of
personality traits and mental status). Concerning RQ4, we used week-level daily
frequency of EMA responses to account the influence of the midterm examination
and the school festival, which are week-level events. We then adopted latent
growth curve models to define the periods so that the trend components in
each period (i.e., period-separated slopes) is well fitted to the week-level daily
frequency, and to examine how the period-separated slopes are explained by
personal characteristics.

Primary results indicated that subjects who reported high stress levels had
a higher total number of EMA responses, but those subjects tended to strongly
decrease the number of responses throughout the experiment, especially after
the midterm examination. We also found that the subjects who reported low ex-
traversion exhibited a slight decrease in the number of EMA responses through-
out the experiment, but the number of EMA responses of these subjects de-
creased strongly after the school festival. Based on these results, we discussed
the disproportion of EMA data in terms of subjects and timings, and described
implications for understanding the limitations of EMA studies.

2 Related Work

EMA has been recognized as a powerful method for recording people’s subjective
states such as emotions, thoughts, and experiences over time. The nature of
EMA is that the experimenter intermittently sends questions to the subjects
through portable devices, and the subjects answer the questions in real time in
the situation. Therefore, EMA has less recall bias and higher ecological validity
than conventional questionnaire surveys. The data collected with EMA have
been used for various purposes such as identifying behavioral patterns [38, 11,
26], predicting life outcomes [40, 8], and understanding human relationships [10,
13].

As shown above, many studies have been developed on the basis of EMA data,
but it has been pointed out that EMA data contain various biases [19]. There are
three primary types of factors behind the bias: subject factors, contextual factors,
and design factors. Subject factors refer to the characteristics of the subject of
the EMA experiment, including demographic attributes [37, 20], psychological
state [30, 37], and mental health status [37, 14]. For example, male subjects [37,
20], young subjects [37, 20], subjects with high alcohol consumption [30], subjects
with negative emotions [30], and subjects with psychotic disorder [30, 37, 19] are
known to have lower response rates. Vachon et al.’s meta-analysis [37] also found
that including more males and subjects with psychotic disorders yielded lower
response rates. These findings indicate that EMA data is biased by such subject-
dependent factors.

Contextual factors, which are properties of the environment in which the
experiment is carried out (e.g., time [5, 3], place [5], daily occurrences [3], etc.),
also create a bias. According to an investigation of temporal and spatial distri-
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butions of EMA responses, subjects were more likely to respond in the middle
of the night than in the morning, and more likely to respond in places such as
hospitals and restaurants rather than on the move [5]. Moreover, van Berkel et
al. [3] examined how the probability of individual EMA questions being answered
is influenced by contextual factors (e.g., number of notifications received in the
last 15 minutes), and found that high-compliance subjects were likely to respond
to EMA questions if they received recent notifications frequently. In this way,
environmental properties can distort the distributions of EMA data.

Design factors refer to the characteristics of the experimental design of EMA,
including the incentives [37, 20], frequency of questions [30], and methods of data
sampling [37]. The experimental conditions under which EMA is carried out can
lead to biased EMA data. For example, more EMA responses are collected if
EMA questions are sent when the phone screen unlock event is detected than if
they are sent randomly or periodically [4]. However, Lathia et al. [17] pointed
out that controlling the timing of EMA questions by triggers based on passively-
sensed data also causes a bias in that the number or values of EMA answers vary
unevenly over time. A previous study that conducted sampling based on infor-
mation captured by accelerometer, GPS, microphone sensor, smartphone screen
usage status, and telephone/email, found that 25% of all responses were recorded
between 10:00 and 13:00 [17]. This is different from the other result [5] which
found that the response rate is highest in the middle of the night when EMA
questions are sent randomly with respect to time. This discrepancy indicates
that bias in EMA data can be caused by the experimental design.

These previous works on EMA data bias examined the number (probability)
of EMA responses of subjects; however, trajectories of response rates have sel-
dom been analyzed. Additionally, the effect of subject factors on the trajectories
have not been well studied. In other words, the issue of which subjects’ data
are missing at which time has not been adequately examined. By clarifying this,
we will be able to understand how EMA data is missing and biased, not only
in terms of personal characteristics, but also in terms of time. These findings
can also support optimization of EMA experiment design to determine which
subjects should be asked to respond and when with the goal of securing more
unbiased responses. Therefore, this study aims to examine how personal charac-
teristics relate to the temporal variation of the response rates and to derive new
knowledge about the bias of EMA data against time.

3 Dataset

To accomplish our research goals, we used the StudentLife dataset [38]. Stu-
dentLife [38] conducted traditional questionnaire surveys to identify personal
characteristics, adopted EMA to observe ongoing situations or experiences, and
used built-in sensors of smartphones to measure activities automatically. The
obtained data was published as the StudentLife dataset for third parties. From
the dataset, we used the records that paired questionnaire survey answers with



6 T. Tominaga et al.

EMA responses to assess how personal characteristics are associated with EMA
responses. Details of these records are explained below.

3.1 EMA Data

The StudentLife dataset has subjects’ responses to EMA questions concerning
emotions, stress, sleep, and so on. We used all of the responses to introduce
continuity, frequency, overall slope, and period-separated slopes. In total, 20,027
EMA responses were used for our analyses.

3.2 Personal Characteristics

This study describes personal characteristics with personality traits and mental
status. The scales of personality traits follow the Big Five personality traits [21],
defining personality from five dimensions: neuroticism (sensitive / nervous vs.
resilient / confident), extraversion (outgoing / energetic vs. solitary / reserved),
openness (inventive / curious vs. consistent / cautious), conscientiousness (ef-
ficient / organized vs. extravagant / careless), and agreeableness (friendly /
compassionate vs. challenging / callous) [24]. The scales of depression, stress,
loneliness, and life satisfaction were, respectively, measured using PHQ-9 [15],
Perceived Stress Scale [6], UCLA Loneliness Scale [25], and Flourishing Scale [9].
In the StudentLife project, these surveys were conducted twice: at the beginning
and the end. We used the scales obtained at the beginning (pre-survey).

For our analysis, we excluded subjects who did not answer all questionnaire
items; 42 subjects remained. Table 1 shows the descriptive statistics of the mea-
sured values of the 42 subjects.

4 Analysis

We conducted a series of regression analyses for RQ1, RQ2, and RQ3, assessing
how personal characteristics influence continuity, frequency, and overall slope.
We also used latent growth curve models to examine how personal characteristics
affect period-separated slopes. These procedures are explained below.

4.1 Personal Characteristics vs. Continuity, Frequency, & Overall
Slope

In the series of regression analyses, continuity, frequency, and overall slope were
used as objective variables, while personal characteristics are introduced as ex-
planatory variables. The explanatory variables were standardized so that the
mean is 0 and the standard deviation is 1. We took the partial regression coeffi-
cients yielded by these analyses as the effects of personal characteristics on the
continuity, frequency, and overall slope of EMA responses. We considered the
statistically significant partial regression coefficients in discussing the impact of
personal characteristics.
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Table 1. Left: descriptive statistics of scales of personal characteristics. Right: the
number of questions (#) and the scales of answer options (answer scales) of each ques-
tionnaire. Concerning depression scale, the score ranges from 0 to 27 and is transferred
into five levels of severity: 1. minimal (0-4), 2. minor (5-9), 3. moderate (10-14), 4.
moderately severe (15-19), and 5. severe (20-27). We used the levels in our analyses.

Measure Mean S.D. Min. 1st Q. Med. 3rd Q. Max. # Scales

Mental status
Depression scale 2.25 0.98 1 2.00 2.00 3.00 5 9 0 – 3a

Perceived stress scale 20.60 3.99 9 18.75 20.00 24.00 28 10 0 – 4b

Flourishing scale 41.20 10.90 25 32.00 39.50 50.25 64 8 1 – 7c

Loneliness scale 42.40 7.87 16 37.00 45.00 48.00 54 20 1 – 4d

Personality traits
Neuroticism 23.78 5.63 14 20.00 23.00 27.25 36 8 1 – 5e

Extraversion 23.40 6.33 13 18.75 23.00 27.25 36 8 1 – 5e

Openness 35.88 4.85 25 33.00 36.00 38.25 46 10 1 – 5e

Agreeableness 32.83 5.62 12 30.00 34.00 37.00 41 9 1 – 5e

Conscientiousness 30.85 6.45 17 26.00 31.00 34.25 43 9 1 – 5e

anot at all – very often, bnever – very often, cstrongly disagree – strongly agree
dnever – often, edisagree strongly – agree strongly

4.2 Personal Characteristics vs. Period-separated Slopes

To assess how personal characteristics affect the period-separated slopes, we
adopted latent growth curve (LGC) models. In this analysis, we used the week-
level daily frequency of EMA responses. LGC models enable us to examine nor-
mative and individual-level changes in EMA responses over the weeks covered
by the EMA experiment. In the following part, we firstly described LGC mod-
els. We then explained how to use LGC models for assessing the normative and
individual-level changes.

Latent Growth Curve (LGC) Models LGC modeling is a statistical tech-
nique based on the structural equation modeling framework to estimate growth
trajectories of observed data. There are two types of the estimated variables: in-
tercept and slopes. Intercept refers to the initial value of the growth trajectory.
Slopes represent the linear trends of the growth trajectory. To represent the ob-
served data, LGC models introduce several latent variables, which are equivalent
to the intercept and slopes of the observed data.

To capture the trajectory more finely, piecewise LGC modeling is adapted.
This approach separates the observation duration into multiple periods and fits
linear models to the observed data in each period. The separation approach can
be based on visual inspection or interpretability of results. For example, if the
trajectory explicitly shows different trends before and after at a time point or if
some influential events occur at multiple time points, the observation duration
can be separated by the point(s).

According to the separation, LGC models automatically determine the num-
ber of latent variables. If the duration is separated into two periods, the number
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of the latent variables is three: the intercept and the slopes in each period. When
inferring the latent variables, LGC models generally assume that values of the
observation data grow or decline linearly. Based on this assumption, LGC mod-
els determine effects of the slopes on the observation data in the corresponding
periods.

Afterward, LGC models infer the latent variables so that the models fit the
observed data. Overall model fit is measured by RMSEA (Root Mean Square
Error of Approximation) [31], CFI (Comparative Fit Index) [2], and TLI (Tucker-
Lewis Index) [35].

LGC Models for Normative Changes To model normative dynamics of
EMA responses, we used piecewise LGC models. In this study, we separated the
observation duration by week #6 and #8 into three periods: period I (week #1-
#6), period II (week #6-#8), and period III (week #8-#10). We then adopted
the LGC model according to this separation, leading the model to infer four
latent variables: the initial status at week #1 (intercept) and the slopes in the
period I, II, and III. There are two reasons for this separation.

First, we hypothesized that the way of responding to EMA questions is influ-
enced by the midterm examination and the school festival, as indicated by prior
work [11, 39]. The examination was conducted from week #3 to #5 and the
festival was held during week #7. To capture differences in EMA responses be-
fore and after these events, we separated the duration by week #6 and #8. The
scheme of the separation enables us to reasonably interpret our results because
we can discuss how slopes are different according to such influential events.

Second, we confirmed that the LGC model separating the duration by week
#6 and #8 fits the observed data the best. Other than the #6-and-#8 separa-
tion, we have candidates of separation by 1 knot (e.g., separating by week #4), 2
knots (e.g., separating by week #5 and #7), or 3 knots (e.g., separating by week
#3, #6, and #8). To avoid over-fitting, we excluded the strategies of 3-knots
separations. For models based on 1-knot and 2-knots separations, we calculated
the model fit measures. As a result, the model separating the duration by week
#6 and #8 was the best for all model fit measures among those models.

For the above reasons, we adopted the LGC model separating the observation
duration by week #6 and #8. For simplicity, the LGC model for normative
changes of EMA responses is called unconditional model later in this paper.

LGC Models for Individual-level Changes To build LGC models for individual-
level change, we introduced the factor of interest (personal characteristics here)
into the unconditional model. LGC models can use the factor of interest to ex-
plain variances in each latent variable with regression. This model is called the
conditional model.

Our analyses considered nine personal characteristics, thus we built nine
kinds of conditional models. As for the unconditional model, the model fit of the
conditional model is calculated using RMSEA, CFI, and TLI.
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Table 2. Regression models explaining (1) continuity, (2) frequency, and (3) overall
slope of EMA responses from personal characteristics. Note that β is a partial regression
coefficient, S.E. is standard error, and p is p-value (∗∗∗...p < 0.001, ∗∗...p < 0.01,
∗...p < 0.05).

Continuity Frequency Overall slope
Measure β S.E. p β S.E. p β S.E. p

(Intercept) 55.91 2.83 *** 436.65 47.82 *** -0.120 0.012 ***
Mental status

Depression scale -2.56 3.43 -107.60 57.94 -0.004 0.014
Perceived stress scale 4.82 3.37 119.23 57.06 * -0.033 0.015 *
Flourishing scale 1.71 3.58 15.82 60.57 0.013 0.015
Loneliness scale 1.03 4.21 77.63 71.15 -0.025 0.018

Personality traits
Neuroticism 0.20 4.28 55.25 72.36 -0.011 0.018
Extraversion -1.74 3.73 11.06 63.01 -0.035 0.016 *
Openness 1.04 3.18 -3.63 53.85 0.026 0.014
Agreeableness -3.75 3.96 45.98 67.05 -0.001 0.016
Conscientiousness 1.25 3.49 25.07 59.08 -0.034 0.015 *

5 Results

5.1 Personal Characteristics vs. Continuity, Frequency, & Overall
Slope

Table 2 shows the partial regression coefficients of personal characteristics for
continuity, frequency, and overall slope. The intercept in the models represents
values of the objective variables of a subject whose all explanatory variables are
0 (i.e., average). Thus, on average, the subjects made 436.65 EMA responses,
participated in the experiment for 55.91 days, and reduced the number of re-
sponses by 0.12 per day. Betas mean the effect of personal characteristics on the
continuity, frequency, and overall slope of EMA responses.

We found a significantly positive coefficient of the perceived stress scale for
the frequency of responses to EMA questions (β = 119.23∗). This means that
subjects with higher perceived stress make more responses in total than those
with lower perceived stress. Furthermore, we found that perceived stress scale,
extraversion, and conscientiousness have significantly negative effects on the
overall slope of the daily frequency of EMA responses (β = −0.033∗, −0.035∗,
−0.034∗). These results indicated that the higher the subject’s perceived stress,
extraversion, and conscientiousness, the stronger the decrease in EMA frequency
for the total duration. We did not find significant coefficients of personal charac-
teristics for continuity, implying that personal characteristics were not effective
in explaining variances of the participation length.

5.2 Personal Characteristics vs. Period-separated Slopes

Table 3 shows results obtained from LGC models. The unconditional model



10 T. Tominaga et al.

T
a
b
le

3
.

U
n
co

n
d
itio

n
a
l

a
n
d

co
n
d
itio

n
a
l

la
ten

t
g
row

th
cu

rv
e

m
o
d
els

fo
r

E
M

A
resp

o
n
ses

(n
o
te

th
a
t

a
ll

p
red

icto
rs

a
re

sca
led

so
th

a
t

th
e

m
ea

n
is

1
a
n
d

sta
n
d
a
rd

d
ev

ia
tio

n
is

0
).

M
.

is
th

e
m

ea
n

va
lu

e
o
f

th
e

la
ten

t
va

ria
b
les

(in
tercep

t,
slo

p
es

in
p

erio
d

I,
II,

a
n
d

III)
o
f

th
e

u
n
co

n
d
itio

n
a
l

m
o
d
el.

V
.

rep
resen

ts
th

e
va

ria
n
ce

o
f

th
e

la
ten

t
va

ria
b
les

o
f

th
e

u
n
co

n
d
itio

n
a
l

m
o
d
el.

β
a
n
d

S
.E

.
m

ea
n
,

resp
ectiv

ely,
th

e
p
a
rtia

l
reg

ressio
n

co
effi

cien
t

a
n
d

its
sta

n
d
a
rd

erro
r

o
f

p
red

icto
rs

in
th

e
co

n
d
itio

n
a
l

m
o
d
els

( ∗∗∗...p
<

0
.0

0
1
,
∗∗...p

<
0
.0

1
,
∗...p

<
0
.0

5
).

M
o
d
el

F
it

M
ea

su
res

In
tercep

t
S
lo

p
e

in
p

erio
d

I
S
lo

p
e

in
p

erio
d

II
S
lo

p
e

in
p

erio
d

III
M

o
d
el/

P
red

icto
r

R
M

S
E

A
C

F
I

T
L

I
M

./
β
0

V
./

S
.E

.
M

./
β
1

V
./

S
.E

.
M

./
β
2

V
./

S
.E

.
M

./
β
3

V
./

S
.E

.

U
n
co

n
d
itio

n
a
l

m
o
d
el

0
.1

4
9

0
.9

2
3

0
.9

1
5

1
0
.8

2
*
*
*

2
5
.7

9
*
*
*

-0
.9

6
*
*
*

0
.6

1
*
*

-0
.8

4
*
*

2
.0

3
*
*

-0
.7

9
*
*

2
.2

6
*
*

M
e
n
ta

l
sta

tu
s

D
ep

ressio
n

sca
le

0
.1

4
0

0
.9

2
2

0
.9

0
9

0
.1

4
0
.9

0
-0

.1
6

0
.1

5
-0

.2
5

0
.2

6
0
.2

5
0
.2

7
P

erceiv
ed

stress
sca

le
0
.1

4
2

0
.9

2
1

0
.9

0
8

1
.8

8
*

0
.8

5
-0

.0
4

0
.1

5
-0

.6
8

*
*

0
.2

4
0
.2

6
0
.2

7
F

lo
u
rish

in
g

sca
le

0
.1

4
2

0
.9

2
0

0
.9

0
6

-0
.5

4
0
.8

9
0
.1

8
0
.1

5
0
.2

0
0
.2

6
-0

.1
3

0
.2

7
L

o
n
elin

ess
sca

le
0
.1

3
9

0
.9

2
3

0
.9

1
0

1
.5

0
0
.8

6
-0

.2
9

0
.1

5
0
.1

6
0
.2

6
-0

.1
4

0
.2

7
P
e
rso

n
a
lity

tra
its

N
eu

ro
ticism

0
.1

4
6

0
.9

1
6

0
.9

0
1

0
.7

1
0
.8

9
0
.0

2
0
.1

5
-0

.1
1

0
.2

6
-0

.1
2

0
.2

7
E

x
trav

ersio
n

0
.1

4
6

0
.9

1
6

0
.9

0
2

0
.1

3
0
.9

0
-0

.2
7

0
.1

5
0
.0

3
0
.2

6
0
.5

2
*

0
.2

6
O

p
en

n
ess

0
.1

3
8

0
.9

2
3

0
.9

1
0

-0
.2

9
0
.8

9
0
.1

1
0
.1

5
0
.1

7
0
.2

6
-0

.1
0

0
.2

7
A

g
reea

b
len

ess
0
.1

4
5

0
.9

1
8

0
.9

0
4

-1
.4

8
0
.8

6
0
.3

1
*

0
.1

5
0
.0

0
0
.2

6
0
.3

3
0
.2

6
C

o
n
scien

tio
u
sn

ess
0
.1

5
1

0
.9

1
1

0
.8

9
6

1
.1

1
0
.8

8
-0

.1
9

0
.1

5
-0

.1
7

0
.2

6
-0

.2
4

0
.2

7



Personal Characteristics and Temporal Response Patterns in EMA 11

shows significantly negative slopes for all periods (M. = −0.96∗∗∗ (period I),
−0.84∗∗ (period II), −0.79∗∗ (period III)). This is consistent with the result
that the overall slope of daily EMA frequency is negative, which was obtained
in answering RQ3. Moreover, the variances in the intercept and slopes in each
period were significantly large (V. = 25.79∗∗∗ (intercept), 0.61∗∗ (period I), 2.03∗∗

(period II), 2.26∗∗ (period III)). These results mean that overall, the frequency
of EMA responses decreased over time, but the values of initial status (i.e.,
intercept) and the slopes significantly varied among the subjects.

The conditional models can explain the variations of the initial values and
the slopes among the subjects. The perceived stress scale was found to have a
positive effect on the initial value (β0 = 1.88∗) and a negative effect on the slope
in period II (β2 = −0.68∗∗). The positive effect is consistent with the result that
subjects with higher perceived stress respond to EMA questions more frequently,
which was obtained in answering RQ2. The negative effect means that the higher
the perceived stress, the more strongly the EMA response rate decreased after
the end of the examination period.

We also found that extraversion had a positive effect on the slope in period
III (β3 = 0.52∗). It means that the lower the extraversion (i.e., the higher intro-
version), the more strongly the EMA response rate decreased after the school
festival.

Moreover, our results showed that agreeableness had a positive effect on the
slope in period I (β1 = 0.31∗). It indicates that, in the initial duration of the
experiment, subjects with higher agreeableness decreased the EMA response
rates more strongly.

6 Discussion

6.1 Influential Factors

As indicated by our results, perceived stress, extraversion, conscientiousness, and
agreeableness are influential factors for EMA response rates. Here, we discussed
why these factors were significant.

Effects of Perceived Stress Indicated by our results, subjects with higher per-
ceived stress entered EMA responses at higher levels of daily frequency. Accord-
ing to the previous research [18], stressful individuals prefer disclosing themselves
to machines (e.g., virtual agents) rather than to real people. In the context of
EMA studies, answering EMA questions can be an activity of disclosing them-
selves to machines such as entering their emotions with the portable devices.
Therefore, the EMA response rates of subjects with higher perceived stress were
generally higher.

Subjects with higher perceived stress were also found to have stronger neg-
ative overall slopes. As mentioned above, such subjects tended to have a larger
volume of EMA responses. This corresponds to a large amount of decrease mar-
gin, which may simply yield stronger decreasing trends.
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The slope of response rates of subjects with higher perceived stress was found
to be strongly negative particularly after the examination period. As discussed in
prior work [11], the midterm examination might create extreme pressure for the
students. Such stress often makes people disclose themselves to machines than
to real people [18]. Considering this background, subjects with higher perceived
stress may have disclosed themselves less frequently in the EMA questions after
the examination, because they were released from their stress imposed by the
tense event.

Effects of Extraversion (Introversion) We found that subjects with higher
extraversion showed a stronger negative overall slopes. It was also seen that sub-
jects with higher extraversion showed a stronger positive slope after the school
festival (i.e., in period III). These results seem to be contradictory. We start by
explaining how to interpret these results.

As shown in Table 3, the period-separated slopes of the conditional model
with extraversion in period I, II, and III are −0.27, 0.03, and 0.52. From these
values, we can derive that an overall effect of extraversion on the slope at week
level is −0.25 (−0.27 · 5 + 0.03 · 2 + 0.52 · 2). As shown in Table 2, the effect of
extraversion on the overall slope at a day level is −0.035. Both are consistently
negative. Therefore, extraversion was found to have a significantly positive effect
on the slope in period III; however, it totally has a negative effect considering
the period-separated slopes and the duration of each period.

We here explain why subjects with lower extraversion (i.e., higher introver-
sion) showed a stronger negative slope in period III. Introverted people prefer
reflecting on their internal aspects [1, 34]. Answering EMA questions such as
telling their mood or behaviors can be an activity indicative of reflection. Ac-
cording to the prior work [33], such reflection needs their psychological energy.
However, the psychological energy is limited: it is consumed by social interac-
tions [12]. Considering this, we assumed that introverted subjects depleted their
psychological energy through social interaction such as the school festival, which
led to a decrease in the EMA response rate.

To see whether introverted subjects engaged in social interaction, we exam-
ined the duration of subjects’ daily conversations. The conversation durations
were estimated by audio classification of microphone data [22, 16]. They are
stored in the StudentLife dataset. Following the prior work [11], we used the
data as indicators of social activities.

Figure 2 shows the relationship between the conversation duration (the y-
axis) and the extraversion (the x-axis) for each period. Extraversion and daily
conversation time show slightly positive correlations in period I and III, but a
slightly negative correlation in period II. Considering that highly extroverted
people prefer social interaction, we can expect to see the same trend in period II
as in period I and III. Contrary to this expectation, the association in period II
shows a negative correlation. This means that the introverted subjects engaged
in social interaction more than expected. However, it should be noted that these
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Fig. 2. Extraversion and daily averages of conversation time in each period. Note that
each subject has three points (conversation time in period I, II and III). r represents
correlation coefficients between extraversion and conversation time in each period.

correlations are weak and not statistically significant. Therefore, our assumption
was not completely supported, though it was confirmed in a weak trend.

Effects of Conscientiousness Subjects with higher conscientiousness were
found to have stronger negative slopes of the frequency of EMA responses, but
conscientiousness did not have any significant effect on continuity and frequency.
In general, people with high conscientiousness are known to show self-discipline,
act dutifully, and aim for achievement [7]. Thus, subjects with high conscientious-
ness are expected to make many responses continuously, which is inconsistent
with our results.

To understand this, we extracted top-5 subjects and bottom-5 subjects in
terms of conscientiousness, and compared their week-level daily frequencies.
Figure 3 shows the week-level daily frequency of these subjects. The daily fre-
quency at week #1 of the top-5 subjects is higher than that of the bottom-5
subjects. Considering that continuity was not associated with conscientiousness,
this means that subjects with a conscientious personality entered EMA responses
in the early stage of the experiment, but not in the following period.

Moreover, the top-5 subjects showed a strong decrease in the EMA frequency
from week #5 to #6, which is included in the examination period. After the
event, the daily frequency of these subjects also gradually decreased. According
to the previous work, the subjects with higher conscientiousness had higher GPA
scores [39]. This implies that these subjects gave more weight on the midterm
examination than the EMA experiment. This might lead them to make fewer
responses around this event.

To sum up, the highly conscientious subjects made more EMA responses in
the early stage of the experiment but not in the following period. They also
avoided answering EMA questions during (and after) a part of the examination
period because they concentrated on the examination. As a result, conscientious
personality had negative influence on the overall slope, but did not significantly
affect frequency or continuity.
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Fig. 3. Week-level daily frequency of top-5 and bottom-5 subjects in terms of consci-
entiousness.

Effects of Agreeableness Agreeableness was found to weaken the slope in
period I. To understand this more deeply, we first separated the subjects into
two groups by the mean value of agreeableness: high (N = 24) and low (N = 18)
groups. We then compared the week-level daily EMA frequency of these groups.
As shown in Figure 4(a), the high group shows a strong increase from week 1 to
week 2. We assumed that the subjects in the high group tended to delay making
their initial EMA response.

To assess our assumption, we compared the time from the start of the exper-
iment to the first time of making EMA response across these groups. Figure 4(b)
shows the distributions of the number of subjects for the time between the start
of the experiment and the first EMA response. For these distributions, we con-
ducted Welch’s t-test to see whether the mean values of the time are statistically
different across these groups. As a result, we confirmed the mean value of the
high group was higher than that of the low group (t = 2.245, p < 0.05). There-
fore, our assumption was confirmed. However, we could not understand why
the subjects with higher agreeableness delayed making their initial responses to
EMA questions. Assessing this issue is a future task.

6.2 Theoretical Implications

Based on the above results and discussion, we discussed here how EMA data
is biased according to personal characteristics and timing. In this discussion,
the bias in EMA data can be divided into two types: overall bias and local
bias. Overall bias refers to the fact that the EMA responses collected are biased
toward subjects with certain characteristics. Local bias refers to the fact that the
collected EMA responses are biased toward subjects with certain characteristics
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Fig. 4. Comparison of week-level EMA frequency and initial response time by high
and low groups of agreeableness.

at a particular period or timing. The implications of overall bias and local bias
are summarized in Table 4.

Among the personal characteristics in this study, perceived stress can be a
factor behind overall bias, because it yields differences in the frequency of daily
EMA responses among subjects. More specifically, it means that the EMA data
is more likely to contain responses from subjects with higher perceived stress
levels. The other personal characteristics were not found to cause overall bias,
indicating that the overall proportion of EMA data is not biased by the personal
characteristics other than perceived stress.

Local bias refers to the fact that the collected EMA responses are biased
toward subjects with certain characteristics at a particular period or timing.
The extent of local bias can be explained by the steepness of overall slopes of
response rates. Our results indicated that subjects with higher perceived stress,
extraversion, and conscientiousness had stronger negative overall slopes. This
means that the EMA responses of subjects with these personal characteristics
decrease over time strongly. In other words, the percentage of responses from
subjects with a high degree of these personal characteristics is high in the early
period of the survey, compared to the percentage in the later period of the
survey. In this manner, the distribution of these personal characteristics in the
EMA data is skewed for time.

The extent of local bias can be also explained by period-separated slopes,
that is, the slopes of response rates in specific period. In the early stage of the
EMA study, subjects with higher agreeableness were found to delay making an
initial EMA response. Therefore, the EMA responses from subjects with high
agreeableness tend to be missing in the early stage. After tense events such as
the midterm examination, the proportion of EMA responses from subjects with
high perceived stress may decrease. Similarly, the EMA responses of subjects
with low extraversion are likely to be missed after they have social experiences.
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Table 4. EMA data bias and personal characteristics.

Bias type Personal characteristic Description (In the EMA data collected, ...)

Overall bias Perceived stress % responses from subjects with high degree
of it is large.

Local bias Perceived stress % responses from subjects with high degree
of it decreases over time.

Extraversion % responses from subjects with high degree
of it decreases over time.

Conscientiousness % responses from subjects with high degree
of it decreases over time.

Local bias Perceived stress % responses from subjects with a high degree
of it strongly decrease after tense events.

Extraversion % responses from subjects with a low degree
of it strongly decreases after social experi-
ence.

Agreeableness % responses from subjects with a high de-
gree of it strongly increases in the early stage
(they are late for making an initial EMA re-
sponse).

The results of the overall bias are similar to those of previous studies [37, 30,
23, 19]. This is because they show the relationship between the characteristics
of the subjects and the frequency of their responses throughout the experiment.
However, the present study certainly shows a new finding, since previous studies
did not verify the stress level of the subjects. More importantly, the results
for local bias describe how the heterogeneity of EMA data due to individual
characteristics varies by timing. The results differ from the findings of previous
studies and are the main contribution of this study.

6.3 Recommendations

As shown by the present study and previous works, EMA data is inevitably
biased in terms of personal characteristics and timing. However, the data col-
lected by EMA are widely used for both academic and practical purposes. This
is because they are accepted as true data that represent changes in people’s
subjective states.

Therefore, we encourage prospective EMA studies to describe the variance of
EMA response rates as determined by individual characteristics and time, and
to discuss the biases present in the data. These studies include, for example,
studies that use EMA data to predict people’s future moods, and studies that
compare methods for increasing response rates to EMA.

In EMA studies involving human subjects, determining the nature of the
study sample and assessing its impact are important to confirm the reproducibil-
ity of the findings. Such individual-level analyses will become increasingly im-
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portant in the future development of HCI research. However, it is challenging
for EMA studies to control study subjects and timing. Therefore, future EMA
studies should share their findings on the bias of their respective EMA data and
discuss, in depth, the limitations and generality of their work.

6.4 Limitations

Our study is a case study that points out bias in EMA data in a specific situation.
Thus, our findings will be valid when one has similar conditions as to events,
subjects, study design, and environments, particularly when subjects experience
influential events in social contexts in the community (e.g., final examinations
for students, salary increase interview for working adults, etc.).

We considered such influential events (a midterm examination and a school
festival) that most of the subjects encountered, and did not focus on purely
personal experiences. For example, if a subject had a negative experience such
as troubles with family or traffic accidents, the subject would lose his/her energy
regardless of his/her degree of perceived stress or introverted personality. Our
research did not take this point into account, because our focus is the effect of
personal characteristics.

Moreover, our results are based entirely on the StudentLife dataset. However,
as discussed above, prospective EMA studies need to share their findings on the
biases of their EMA data to understand the limits and the generality of EMA
studies. The present study certainly contributes to these issues.

6.5 Future Work

To understand the effects of such personal experiences on response rates, it might
be useful to examine passively-sensed data such as locations, mobility, phone
logs, and so on. This contextual information can be used for inferring subjects’
experiences. Our future work will investigate how response rates are associated
with this contextual information to better understand individual differences in
response rates from the viewpoint of personal ongoing experience.

To achieve the general goal of understanding how EMA data is biased, it
is necessary to carry out experiments individually under various conditions in
which each factor is controlled, and to perform a meta-analysis that aggregates
the data of each experiment. For example, EMA experiments will be conducted
in different cultures (e.g., Western vs. Eastern) and with different social statuses
(e.g., students vs. workers). It is expected that generalized findings will be de-
rived by comparing the results of the present study with those results, or by
integrated analyses based on the experimental data of the present study.

7 Conclusion

EMA data is inherently heterogeneous. However, it is currently recognized and
utilized as true data that represents the changes in people’s subjective state over
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time. Therefore, it is important to discuss how the EMA data is biased. In this
study, unlike previous studies, we analyzed the temporal changes in the response
rate of EMA data.

Primary results indicated that the subjects with high perceived stress had
a higher frequency of EMA responses, but the frequency of EMA responses
from these subjects tended to decrease strongly throughout the experiment,
especially after the midterm examination. We also found that the subjects with
low extraversion had a weak tendency to decrease the number of EMA responses
throughout the experiment, but the number of EMA responses of these subjects
decreased strongly after the school festival. In addition, conscientiousness had
a negative effect on the overall slope of EMA frequency. Subjects with high
agreeableness were found to show a strong increase in EMA frequency at the
initial stage of the experiment. We discussed the reasons behind these significant
results, and provided new insights into the biasing of EMA data.

In the future, we will consider individual contextual information to under-
stand the effect of purely personal experience on data bias, and conduct meta-
analysis using multiple datasets to derive more general findings. Future EMA
research should describe how the collected EMA data are biased with regard to
individual characteristics and time, and advance the discussion on the limita-
tions and generality of EMA research. We hope that this study will be one of
such contributions.
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