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Abstract

Background: Individuals with later bedtimes have an increased risk of difficulties with mood and substances. To investigate
the causes and consequences of |ate bedtimes and other sleep patterns, researchers are exploring social media as a data source.
Pioneering studiesinferred deep patterns directly from social mediadata. Whileinnovative, these effortsare variously unscalable,
context dependent, confined to specific sleep parameters, or rest on untested assumptions, and none of the reviewed studies apply
to the popular Reddit platform or release software to the research community.

Objective: This study builds on this prior work. We estimate the bedtimes of Reddit users from the times tamps of their posts,
test inference validity against survey data, and release our model as an R package (The R Foundation).

Methods: Weincluded 159 sufficiently active Reddit userswith known time zones and known, nonanomal ous bedtimes, together
with the time stamps of their 2.1 million posts. The model’s form was chosen by visualizing the aggregate distribution of the
timing of users' posts relative to their reported bedtimes. The chosen model represents a user’s frequency of Reddit posting by
time of day, with a flat portion before bedtime and a quadratic depletion that begins near the user’s bedtime, with parameters
fitted to the data. This model estimates the bedtimes of individual Reddit users from the time stamps of their posts. Model
performance is assessed through k-fold cross-validation. We then apply the model to estimate the bedtimes of 51,372 sufficiently
active, nonbot Reddit users with known time zones from the time stamps of their 140 million posts.

Results: The Pearson correlation between expected and observed Reddit posting frequenciesin our model was 0.997 on aggregate
data. On average, posting starts declining 45 minutes before bedtime, reaches anadir 4.75 hours after bedtime that is 87% lower
than the daytime rate, and returns to baseline 10.25 hours after bedtime. The Pearson correlation between inferred and reported
bedtimes for individual users was 0.61 (P<.001). In 90 of 159 cases (56.6%), our estimate was within 1 hour of the reported
bedtime; 128 cases (80.5%) were within 2 hours. There was equivalent accuracy in hold-out sets versus training sets of k-fold
cross-validation, arguing against overfitting. The model was more accurate than a random forest approach.
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Conclusions: We uncovered a simple, reproducible relationship between Reddit users' reported bedtimes and the time of day
when high daytime posting rates transition to low nighttime posting rates. We captured this relationship in amodel that estimates
users bedtimes from the time stamps of their posts. Limitations include applicability only to users who post frequently, the
requirement for time zone data, and limits on generalizability. Nonetheless, it is a step forward for inferring the sleep parameters
of social media users passively at scale. Our model and precomputed estimated bedtimes of 50,000 Reddit users are freely

available.

(JMIR Form Res 2023;7:€38112) doi: 10.2196/38112
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Introduction

Adeguate sleepisvital for health and well-being, and the timing
of when we sleep matters too [1-4]. With socia and
environmental pressures to awake early, individuals with later
bedtimes suffer either from sleep loss or from absenteeism and
other social consequences of late rising [5]. Teens with later
bedtimes than their parents have more unsupervised hourswith
which to associate with like peers to pursue risky activities.
Whatever the cause, multiple studies demonstrate that
individuals with later bedtimes are at increased risk of mood
disorders and substance use disorders[6,7]. Thus, bedtimesare
emerging as an important health metric alongside other
Sleep-related parameters.

To generate hypotheses about the causes and consegquences of
late bedtimes and other sleep features, some researchers are
turning to social media as a data source. If researchers had
access to information about the sleep patterns of social media
users, then they could test those sleep patterns for associations
with any of the limitless web-based and offline behaviors of
those users recorded in their social media activity. In general,
researchers do not know the sleep patterns of social media users
unless they recruit them for a study; unfortunately, this means
that whatever advantages social media data otherwise affords
in terms of scale and passive monitoring are lost to sleep
research. A special use case of these data would be for
understanding the role of socia media use in affecting sleep
patterns, whichisatopic of significant interest [8-14]. A recent
systematic review concluded that the sleep and social media
literature is limited by its reliance on surveys and that for the
field to move forward, new study designs are needed [15].

A number of pioneering studies have attempted to infer sleep
patterns directly from social media data. These attempts have
used 3 strategies: manual coding, linguistic mining, and time
stamp analysis. One qualitative study used manua coding to
identify themes of dleep difficulties in a subset of 192 tweets
of pregnant mothers during the COVID-19 pandemic [16]. A
linguistic study inferred the presence of insomniaamong Twitter
users from insomnia-related keywords such as “can’'t sleep”
and showed that users with these key phrases post more
nighttime tweets [17]. Another study using linguistic mining
identified Twitter users with insomnia based on public
self-reports of insomnia and then trained a model to identify
insomnia using the linguistic features of these users [18].
Another study cal culated what they term asthe “ pseudo-d eeping
time” from the difference in time stamps between tweets that

https://formative.jmir.org/2023/1/€38112

effectively say “good morning” and preceding tweets that
effectively say “good night” [19].

While these early attempts to infer sleep patterns from social
media data are innovative, they are subject to a number of
limitations that affect their credibility or scope. What the field
requiresisasuite of approachesthat (1) cover therange of sleep
parameters of interest, (2) demonstrate the validity of their
inferences, (3) are robust across contexts, (4) are scalable, (5)
cover the range of socia media platforms of interest, and (6)
comewith softwareto allow for dissemination and improvement.
The manual coding required in Talbot et a [16] is not scalable.
Detection of linguistic features associated with insomniaasin
Mclver et a [17] and Sakib et al [18] has its uses but is a
different sort of goal than our goal of inferring sleep parameters
for amore general study of sleep. Moreover, linguistic features
are context dependent, so it is unclear how they will replicate
across contexts [20]. The time stamp study of [19] did not
empiricaly test whether the quantity they calculate of
“pseudo-sleeping time” isavalid proxy for a quantity we care
about (such as sleep duration). All of the profiled studies apply
to Twitter data, which isjust 1 platform. None of these papers
came with associated software that other researchers can use.

This study builds on these pioneering studies to address some
of their limitations. We estimated the bedtimes of Reddit users
from the time stamps of their posts, tested the validity of these
inferences against survey data, and released our model asan R
package. Our work adds a sleep parameter of interest (estimated
bedtime) to those that are covered by some members of the suite
of available approaches. We demonstrate the validity of our
inferences using survey data. We believe that grounding our
method in time stamps—objective, machine-readable partial
listings of times when users are awake—makes the method
intrinsically more likely to be robust across contexts than are
linguistic features. We demonstrate the scalability of our
approach by estimating the bedtimes of 50,000 users. Because
our model! is designed for the social platform Reddit whereas
other profiled models are for Twitter, our tool increases the
number of platformsthat are served by the suite of approaches.
The R package released alongside this paper allows other
researchers to reproduce, apply, and extend our work.

Methods

Overview of Approach

Thissection givesageneral overview of themodel and pipeline;
implementation details are described in subsequent sections.
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We obtained the time stamps of the Reddit posts of 159 eligible
Reddit userswho publicly reported or privately reported on our
survey both their average bedtime and their time zone of
residence. These time stamps and reported bedtimes were used
totrain asimple parametric model that estimates bedtimesfrom
the time stamps of users’ posts. To a first approximation, the
model can be described as looking for the hour of the night at
which auser’saverage posting rate across nightstypically starts
faling.

In general, we cannot infer the bedtime of auser just from when
he or she stops posting to Reddit on a given night, because the
user may simply be awake but otherwise occupied. Instead, we
look for the general trend across nights of the hour of the night
when theuser islesslikely to post than before. When we average
across nights for a user, we look for a decrease in the rate of
posting rather than a cessation of posting because of variation
in a user’s bedtime from night to night.

Since the model has few parameters, the main test of the model
is its goodness of fit to the training data. As an additional
reassurance against overfiting, we employ k-fold
cross-validation in which al 159 eligible labeled users are
included in one run or another in the training set and in the
testing set. The final model usesall labeled datain the training.
The model is then applied to the application set, the remaining
50,000 users for whom time zone data but not bedtime dataare
available.

Data Acquisition and Initial Processing

Producing Private Data

For model training and testing, we required information about
Reddit users regarding their average bedtime and time zone of
residence. A Reddit ad was placed asking adult volunteers to
complete a Qualtrics survey (Qualtrics International Inc)
regarding their Reddit username, typical bedtime, range in
bedtime, country, and state of residence. In the survey, the
participants were asked to select their typical bedtime from a
drop-down menu with aresolution of 30 minutes.

Extracting Publicly Self-reported Bedtimes and Time
Zones

In soliciting participants for our survey, we encountered
insufficient sample size. Therefore, additional self-reported
bedtimes and time zones from the universe of public posts of
Reddit users were obtained.

Preliminary investigation of public forums on Reddit revealed
that users from time to time post a public message asking
members of a Reddit community about their bedtime habits,
such as (hypothetically) a post in a gardening-related forum
asking “Fellow gardeners of Reddit, when do you go to bed?’
towhich other Reddit usersreply publicly inthe commentswith
responses such as “lI usually go to bed a 8 pm.” To
systematically extract these informal preexisting public polls,
the Reddit API wrapper for python, PRAW (python version
3.7, Python Software Foundation) was used in August 2021 to
obtain a set of search results representing candidate existing
public surveys of sleep habits on Reddit, with search queries
“when do you” +“bed,” “when do you” +“dleep,” “what time do
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you” +“sleep,” “whenisyour bedtime,” “what isyour bedtime,”
and “what is your bed time,” yielding 1570 candidate public
surveys posts in which Reddit users informally ask each other
when they go to bed. YKS screened these public surveys for
relevance, identifying 353 relevant surveys. We next obtained
the public responses to these public surveys using another
PRAW query; atotal of 5357 responses to these surveys were
obtained. YS, AF, and WM coded each free-text response to
HH:MM AM/PM format according to the coding rules in
Multimedia Appendix 1, which yielded 2445 responses that
could beinterpreted as a single numeric bedtime. For 319 users
who self-reported bedtimes in more than one survey, we
calculated the circular mean bedtime with the CircStats R
package (R version 3.5), yielding 2126 unique users for whom
we have publicly self-reported bedtimes. For downstream
analyses, publicly reported bedtimes were rounded to the nearest
15-minute interval.

Because Reddit reports time stamps in universal coordinated
time (UTC) while users presumably announce their bedtimes
in their local times, the next step was to identify users who
publicly reveal their location and from this deduce their time
zone. The smgeo Python package for geolocating Reddit users
includesin itstraining data more than 50,000 Reddit users who
have publicly self-reported their locations, and we obtained
access to these users and their locations by completing a data
usage agreement [21]. From these locations, we inferred time
zones using thelutz R package. Of these users, 128 had publicly
reported bedtime data identified as above.

Downloading Time Stamps

All users postson Reddit from August 2005 to June 2021 were
downloaded from the PushShift database in accordance with
Reddit’sterms of service[22]. Time stampswere extracted with
the jg command line toal.

Bot Filtration

Bots represent a significant portion of traffic on social media,
and attention must be paid to reducing their influence on study
results [23]. We considered the prompt-appropriate responses
of userswho publicly or privately reported their bedtimesto be
sufficient evidence that those users were not bots. For the
application data set, we flagged users as suspected bots based
on chosen parameters for suspicious volume speed (maximum
posts in a minute were >9), volume (total postsin the decade >

2%, and timing (=2% of all posts occurring the same exact
minute each day) of posting activity, or if the username
contained the substring “bot,” “admin,” “mod,” or “auto.”

Inclusion and Exclusion Criteria

For model training, passive research subjects were included if
all 3 of the following inclusion criteria were met and the
exclusion criterion was not met. The inclusion criteriawere as
follows: (1) the user's publicly self-reported bedtime was
discoverable and interpretable by our search strategy and coding
rules; (2) thelocation of the user was coded by thetraining data
from [21] with enough precision to identify the user’stime zone;
and (3) the user had contributed at | east 250 lifetime nondel eted
Reddit posts by June 2022. The exclusion criterion was as
follows: the user’s reported bedtime was more than 2 SDs above
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or below the mean reported bedtime of all otherwise-included
members of the training set.

For model training, recruited research participantswereincluded
if al of the following inclusion criteria were met and the
exclusion criterion was not met. The inclusion criteriawere as
follows: (1) the user consented to participate and completed the
required fields of the survey (username, single numerical typical
bedtime, and location); (2) the user was 18 years or older to
satisfy ingtitutional review board (IRB) requirements; and (3)
the user had contributed at least 250 lifetime nondel eted Reddit
posts by June 2022. The exclusion criterion was as follows: the
user’s reported bedtime was more than 2 SDs above or below
the mean reported bedtime of all otherwise-included members
of the training set.

For model testing, all participants who met the training criteria
indicated above were included.

For posttraining model application, passive research subjects
were included if both of the following inclusion criteria were
met and the exclusion criterion was not met. Theinclusion were
asfollows: (1) thelocation of the user was coded by thetraining
data from Harrigian [21] with enough precision to identify the
user's time zone; (2) the user had contributed at least 250
lifetime nondeleted Reddit posts by June 2021 (1 year earlier
than the smaller training and testing sets; because of the size of
the application set, it was neither practical nor necessary to
update the included time stamps after the project start). The
exclusion criterion was as follows: the user was flagged as a
bot (see the Bot Filtration section; this exclusion criterion was
not applied to the training or testing data because the
prompt-appropriate responses of those users were taken as
evidence of human activity).

Model Development

For each Reddit user in the training data, we tabulated a
circadian fingerprint that summarizes how frequently that user
posts to Reddit at one time of the day versus another (Figure
1A). A user’scircadian fingerprint is a vector of length 96 with
each element corresponding to the percentage of the users’ posts
across dates that were posted within each 15-minute interval of
the 24-hour day. Typically, these fingerprints show a drop in
posting frequency in the nighttime hours. We hypothesi zed that
this decreased nighttime posting represents the usual sleeping
times of the users. To test this hypothesis, we related users

reported bedtimes to features of those users' circadian
fingerprints. Individua fingerprints are subject to noise, which
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we addressed by combining fingerprints from different users.
However, straightforward averaging or adding fingerprintsfrom
different users would result in dilution of signal because
different users have different bedtimes. By recasting users
circadian fingerprintsin acoordinate system zeroed on the users
respective bedtime (Figure 1B), we were able to combine users
fingerprintswithout dilution of asignal. The unified model was
then fit to the curve of the combined bedtime-relative
fingerprints (Figure 1C). The unified model was chosen on
visual inspection to be piecewise quadratic, with a parabolafit
tothenighttimelull in Reddit posting activity, bounded on either
sidewith aflat horizontal line with aheight that makesthetotal
posting frequency sumto 1. The cut points of transition from a
flat line to parabola and back again to the flat line were
optimized by considering all possible cut points and choosing
the ones with the lowest mean squared error.

Moreformally, thefractionr of auser’stotal Reddit postsfalling
within agiven 15-minuteinterval of the 24-hour day is modeled
as.

[ax? +bx+c forS<x<E
r=

=1, @
ld

otherwise

where xisthe number of hours after the user’s average bedtime,
a, b, and c are fitted quadratic parameters, S and E are fitted
parameters for the start time and end time of the parabolic
section of themodel, and d isthe constant portion of the model,
which, in order to make the total sumto 1iscalculated as

1- Z§ ax®+bx+c
4[24—(E-5)]

d= )

In model fitting, a series of fitting runs are performed,
comprising agrid search for al valid combinations of Sand E
in 15-minute increments. Within each run, which isto say, for
each tested combination of S and E, we use the R statistical
software built-in polynomial fit function to find optimal values
for the quadratic parameters for the quadratic portion of the
model. Then d is calculated for that run using equation 2, and
then al these parameters are fed into equation 1 to yield a set
of 96 modeled r values for each run, corresponding to the
expected frequency of Reddit posting of users among each of
the 96 15-minute increments of the 24-hour day. Next, the
modeled r values are compared with the empirical distribution
of Reddit posting frequency in thetraining data, to yield amean
squared-error for the best-fitting model of that run. The final
model is the model across the full sweep of S and E
combinationsthat yieldsthe lowest mean squared-error overall.
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Figure 1. Model schematic. (A) The circadian fingerprint of each Reddit user is calculated by computing the percentage of a user's Reddit posts
occurring a each time of day. (B) The circadian fingerprint of each user is recast in terms of hours relative to the reported bedtime of the user. (C) A
unified idealized circadian model is fit against the bedtime-relative fingerprints across many users. (D) By recasting the bedtime-point of a unified
idesalized model as various clock times, a series of bedtime-specific idealized models are constructed. In model application (arrows connecting D and
A), auser’s bedtime is estimated as the bedtime encoded by the bedtime-specific idealized model that best fits the user’s actual circadian fingerprint.
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Estimating Bedtimes

While the unified model has the advantage of readily
incorporating information from users with any bedtime, the
same property means that it does not encode any specific
bedtime and is of no direct use in estimating another user’'s
bedtime. Therefore, from the unified model, we then generated
aset of parallel versions of the model in which the moment of
bedtime is relabeled with any local time, such as 9 PM, 9:15
PM, and so on (1 for each 15-minute interval of the 24-hour
day) and all other points shifted accordingly (Figure 1D). Then,
inthetesting set, we tabulated each user’s circadian distribution
of Reddit posting and determined whether a given user's
distribution most resembles (by Spearman correlation) the 9
PM-bedtime curve, the 3 AM-bedtime curve, and so on to
estimate the user’s bedtime.

k-Fold Cross-Validation

We next sought to test whether our chosen model is subject to
overfitting using k-fold cross-validation. To ensure adequate
sample size in training and hold-out sets, we set k=3. The 159
eligible users were each randomly assigned to one of 3 equally
sized partitions. Within each of the 3 cross-validation runs, 1
partition was successively designated as the hold-out partition
and the other 2 as the training partitions. The model described
above was then trained on the subset of the 159 eligible users
assigned to the 2 training partitions of that cross-validation run
and tested on the respective hold-out partition. To ensure that
results were not dependent on stochastic factors in assigning
training and hold-out sets, we performed 10 full iterations of
3-fold cross-validation using 10 different random seedsto assign
eligible users to partitions.
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Comparison With an Alternative M odel

To benchmark our model against alternatives, we compared the
performance of our model to amachine learning random forests
approach. We used R’s ranger package version 0.14.1 to train
arandom forest model to estimate bedtimes from bins of Reddit
posting rates acrossthe 96 interval s of 15 minutesin the 24-hour
day among users in the training data. The forest had 10,000
trees and otherwise default meta-parameters.

Ethical Considerations

This study was determined exempt from IRB review by the
Duke University Health System IRB with protocol numbers
Pro00106817 and Pro00106782, and Duke Campus IRB
Pro2022-0339. For the private survey, participants indicated
their consent electronically; they were informed that we will
not sharetheir usernameswith third parties. For the public data,
the Reddit data usage agreement states that posting publicly to
Reddit acts as consent to share this information publicly and
freely. Newly data generated by this study (private surveys) are
included as a data file with associated R package in an
anonymous and deidentified fashion. Some public dataused in
this study that will be useful in downstream applications (eg,
usernames of public data) can only be obtained from the authors
of this study through a data use agreement to qudified
researchers agreeing not to seek to identify the person behind
the pseudoanonymous usernames and not to share the datawith
others. Subjects received no compensation for participating.

JMIR Form Res 2023 | vol. 7| €38112 | p. 5
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH

Results

Sample Characteristics

The final training and testing set consisted of 159 Reddit users,
their self-reported bedtimes, time zones, and the time stamps
of their collective 2,178,245 Reddit posts. Of the 159 users, 42
had been recruited privately and 117 were involved passively.
Of these users, 82 (51.6%) were located in the United States,
21 (13.2%) in Canada, 17 (10.7%) in the United Kingdom, 23
(14.5%) el sewherein Europe, and 16 (10.1%) spread in the rest
of theworld. The mean reported bedtime of the group was 11:47
PM.

Thefinal application set consisted of 51,372 Reddit users, their
time zones, and the time stamps of their collective 140,135,349
posts.

Reddit Posting Declines After Self-reported Bedtime

Our overall goal was to develop a model for inferring the
bedtimes of Reddit users from the time stamps of their posts.
The core assumption of our approach isthat bedtimes and time
stamps are meaningfully related. Our first task was to test this
assumption. Specifically, if bedtimes and time stamps are
meaningfully related, we predicted that users would post less
to Reddit for the night starting at around their bedtimes. To test
this prediction, we analyzed the circadian distribution of the
time stamps of the posts of the 159 users in the training set,
stratified by their self-reported bedtime.

We found that users post to Reddit much lessfrequently at night,
in a manner strongly associated with their particular

Meyerson et al

self-reported bedtime (Figure 2). Upon visual inspection of
users with bedtimes ranging from 9 PM to 3 AM, the nighttime
[ull of userswith earliest bedtimes (10 PM, £+ 1 hour, in red) is
most left-shifted, the lull for users with the latest bedtimes (2
AM, + 1 hour, in green) is most right-shifted, and the Iull for
users with intermediate bedtimes (12 AM, + 1 hour, in blue) is
inthemiddle. These dataindicate that the quiet nighttime hours
of Reddit's posters reflect in part those posters particular
deeping times and not merely a demand-side conseguence of
the deep cycle of Reddit’'s readers. The data also show that
whatever automated posting passes our filtersis not large enough
to swamp the circadian rhythms of users who only post when
awake.

Thetrend of Reddit posting declining after self-reported bedtime
is more apparent when we combine the data from all labeled
participants in a unified way. A comprehensive aggregate
observed circadian profileis plotted in Figure 3. We were able
to combinethe Reddit posting frequencies by time bin for users
with disparate bedtimes by indexing time bins by the number
of hours after a user’s reported bedtime. The comprehensive
aggregate observed circadian profile highlights the dominant
trend of the users' posting less to Reddit after their bedtime
before resuming several hours later.

In this first section, we have demonstrated that our core
assumption holds: bedtimes and Reddit time stamps are indeed
interrelated. This provides a foundation for future sections.
Moreover, the analysis here also serves as a quality control
check that we have performed data integration correctly at a
technical level.

Figure 2. Circadian posting rhythms of Reddit. The x-axis lists the time of day, the y-axis gives the percent of all posts that are submitted at that time
of day, stratified by bedtime. Bedtime groups. Red: 9 PM-10:45 PM; Blue: 11 PM-12:45 AM; and Green: 1 AM-2:45 AM.
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Figure 3. Aggregate circadian posting, relative to bedtime. Userswith all bedtimes have been aggregated onto the same curve. The x-axisliststhetime

of day not by clock hours but by hours relative to bedtime.
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An Idealized M odel of Circadian Posting

Having shown that bedtimes and time stamps are related, we
next sought to develop amodel that relates these quantitatively.
For inspiration, we turned again to Figure 3, and noted,
qualitatively, certain featuresin the overall shape of the posting
frequency distributions: approximately constant posting
frequency during the day, with an approximately parabolic
depletion in posting that starts at or near the user’s bedtime.

We wanted to see how good a fit amodel with these properties
would have for the observed data. Figure 4 shows our model
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RenderX

plotted against aggregate data. The Pearson correlation between
expected and mean observed posting frequencies was 0.996. In
the best-fitting model, the values for the parametersin equations
1 and 2 (Methods) are asfollows: Sis0.75, Eis 10, a, b, and ¢
are4.12x107, 3.81x10~, and 1.06x1072, respectively, and d is
1.42x1072. In the best tested model, Reddit posting begins to
appreciably decline 45 minutes before auser’s bedtime, reaches
a nadir 4.75 hours after bedtime that is 87% lower than the
daytime posting rate, and returns to baseline 10.25 hours after
bedtime. We found aremarkably simple and strong quantitative
relationship between Reddit time stamps and bedtimes.
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Figure4. Modeled and observed Reddit posting frequencies by hour relative to bedtime. In black is the observed aggregated posting frequency of users

by hour after bedtime, asin Figure 3. In red is the fitted model that is parabolic in the nighttime hours and flat during the daytime hours.
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Estimating Individual Bedtimes

and reported bedtimes was 0.61 (P<.001). In 90 of 159 cases
(56.6%0), our estimate waswithin 1 hour of the reported bedtime.
Having demonstrated thefit of our model to aggregate data, we  |n 128 cases (80.5%), our estimate was within 2 hours of the
next sought to test whether our mode! could be used to predict  reported bedtime. The residuals were centered on zero and
the bedtimes of individual users. To predict bedtimes, we fit  gpproximately symmetric (Multimedia Appendix 2). The
the idedlized model to an individual user's time stamp correlation we observed between estimated and reported
distribution and estimate the bedtime as 45 minutesprior tothe  pedtimes is comparable to the previously reported 0.47
start of the parabolic portion of the model. correlation between self-reported and polysomnographically

We quantified the accuracy of our model (Figure 5). The Pearson er::]ved valuesfor the related sleep parameter of sleep duration

correlation coefficient in polar coordinates between inferred

https://formative.jmir.org/2023/1/€38112
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Figure 5. Estimated versus reported bedtimes for individual Reddit users. Each point represents one of the 159 Reddit users included in the training
and testing data, his or her reported bedtimes (x-axis), and his or her estimated bedtime as inferred from the time stamps of the user’s posts (y-axis).

Thetrend line is shown with its SE.
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Testing for Overfitting Using k-Fold Cross-Validation

To test the robustness of our model to overfitting, we employed
k-fold cross-validation (Methods). Effectively, this procedure
allowed all 159 labeled users to be used as validation data as
part of 1 hold-out-set or another. The 10 runs of 3-fold
cross-validation involved 30 validation tests of the model on
held-out data. All 30 tests produced a statistically significant
(P<.05) positive Pearson correlation between estimated and
reported bedtimes. The median correlation of estimated and
reported bedtimes among the training partitionswas 0.61 (IQR
0.59-0.68). The median correl ation among the hold-out partitions
was 0.62 (IQR 0.57-0.66). The fact that accuracies in the
hold-out partitionswere comparableto accuraciesin thetraining
partitionsindicates that the model is not appreciably subject to
overfitting.

Comparison With an Alternative M odel

Random forests are a strong general purpose machine learning
technique requiring minimal fine-tuning, making them an
attractive comparison for our simple parametric model. We
trained a random forest on the training data and computed a
best-case accuracy as the correlation between the random
forest's predictions for the training data and the reported

https://formative.jmir.org/2023/1/€38112

bedtimes for the training data. The random forest’s predictions
correlated with the reported bedtimes of the training data with
Pearson p of 0.47 (P<.001). This is less accurate than 0.61
correlation obtained with our chosen parametric model. Despite
the simplicity of our model, our model has better performance
than the popular machine learning technique of random forests,
indicating that our model iswell suited to our use case.

Application to Users With Known Time Zones

Having validated our model, we next sought to apply it to a
wider user set to characterize the bedtimes of thousands of
Reddit users. We used our model to estimate bedtimes for the
51,372 usersidentified in [21] as having publicly indicated their
locations for whom we were able to download at least 250 time
stamps. We estimated bedtimes in this set. A histogram of
estimated bedtime is depicted in Figure 6. The mean bedtime
was 12:12 AM (SD 2.41 hours). Among US-based users, the
average estimated bedtime is 12:02 AM. This is 22 minutes
later than the observed bedtimesin the nationally representative
NHANES study [25]. Perhaps, this difference reflects Reddit's
young, tech-savvy user base [26].

In additional analyses, weinvestigated how estimated bedtimes
for these 50,000 users changed by day of week and by month
and year (Multimedia Appendix 2).
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Figure 6. Estimated bedtime of 50,000 Reddit users. A histogram of inferred bedtimes for more than 50,000 Reddit users from the timestamps of their

posts.
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Discussion

Principal Findings

There is a growing interest in studying the sleep patterns of
social media users. Most prior work in this area has proceeded
through the recruitment of subjects to self-report or
electronically track sleep patterns and self-report social media
usage. Some enterprising researchers have attempted to infer
social mediausers' bedtimesfrom thetime stamps of their posts,
which obviates the need for subject recruitment, avoids some
aspects of selection and recall bias, and lends itself well to the
integrated analysis of bedtimeswith the contents of users' posts.
Linguistic approachesin the literature have been used to identify
individuals reporting insomnia, but not to identify bedtimes;
prior work to estimate specifically bedtimes from social media
data did not use external data to verify their assumptions.

In thiswork, we developed and tested amodel for inferring the
bedtimes of Reddit users from the time stamps of their posts.
Our accuracy inthetesting datais comparabl e to the correlation
of polysomnographically derived dleep duration with
self-reported sleep durations [25].

Limitations

One limitation of our approach is that it can only generate
estimates for users who post frequently to Reddit (such as 250

Acknowledgments

12AM  5AM

Bedtime

or more lifetime posts), and these users may not be
representative of Reddit users who mostly read Reddit without
frequently posting. Likewise, Reddit itself is not representative
of all social media users or the population at large, and for
exampl e, skews younger, more male, and more tech-savvy than
Facebook or than the general population. Moreover, we have
not validated the proposed method with other socia media
platforms, which might have adifferent balance of laptop versus
mobile phone users that could influence the timing of their last
post before sleep [27].

Future Directions

There are a number of future directions for improving,
extending, and applying this model. A more complex model
might make use of adaptive width in the parabolic depletion.
The framework could be readily extended to other sleep
parameters such as wake times or sleep durations or to other
social media platforms with fit-for-purpose training data.
Researchers can apply our model to study the relationship
between bedtimes on Reddit and any of the many featuresusers
share about their lives on Reddit.

Conclusions

Our work enables researchersto study the relationship between
bedtimes and any of the aspects of life users share on social
media, in a rigorous, validated manner without the need to
recruit a cohort.
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