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G Abstract

Modern survey methods may be subject to non-observable bias, from various sources.
Among online surveys, for example, selection bias is prevalent, due to the sampling mecha-
nism commonly used, whereby participants self-select from a subgroup whose characteris-
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online survey is not a trivial undertaking. As [2] state, probabilistic online frames can only be
used when the population of interest is narrow (the members of well-defined organizations);
evidently, if the target population is not properly defined a reliable sampling frame of internet
users may not be achieved. Internet access is often associated with sociodemographic variables
related to the variables of interest in a given study ([3]). For example, according to [4], the
internet penetration rate in Spain is above 90% of the population in all population groups aged
under 54 years; however, among persons aged 65 to 74 years, the penetration rate is only
43.7%. In consequence, the potentially covered population (as defined in [1]) is immediately
subjected to a selection bias, which cannot be completely excluded by the usual reweighting
methods ([5]; [6]).

In recent years, propensity score adjustment (PSA) has increasingly been used as a means
of correcting selection bias in online surveys. This method, first proposed by [7], was originally
intended to correct the bias introduced by factors associated with exposure (group allocation)
and outcome in the experimental design, and studies have demonstrated its effectiveness in
this regard ([8]; [9]). PSA, like most adjustment instruments in population sampling, is based
on the use of auxiliary information. However, in addition to the nonprobabilistic volunteer
sample, it also requires the availability of a probabilistic reference sample. This is usually
obtained from a survey focused on a different subject area. Accordingly, it does not measure
the present variable or variables of interest, but rather a set of covariates that have also been
recorded or the nonprobabilistic sample. The reference survey does not have to address the
same research questions, but it should be well conducted and avoid all sources of bias as much
as possible.

The efficacy of PSA at removing selection bias from online surveys has been discussed in
numerous studies. However, its performance depends on the covariates chosen. Moreover, the
use of PSA generally increases the sampling variability of the estimators with respect to the
unweighted case ([10]; [11]). Therefore, PSA weighting should be complemented with further
calibration adjustments using complementary variables to make estimates less biased ([11]; [12]).

Propensity scores in PSA are usually estimated using logistic regression models, where the
target variable is a binary indicator that takes 1 if an individual belongs to the nonprobabilistic
sample and 0 otherwise. This approach is equivalent to estimating the probability of an indi-
vidual volunteering to participate in a survey, given a specific set of covariates. Logistic regres-
sion provides estimates that are robust, i.e. they remain stable when new data are
incorporated, and simple to implement in most statistical packages. However, they also present
certain drawbacks that should be taken into account. Thus, in logistic modelling it is assumed
that the log-odds risks have a linear relationship with the covariates ([13]). In the online survey
context, this assumption could easily fail to hold, especially with larger samples and a greater
number of covariates.

Alternatives to logistic regression in PSA have appeared in parallel with the development of
machine learning (ML) classification algorithms. A vast and still-increasing number of ML
approaches provide the raw probabilities of occurrence of a given class, both black-box and
interpretable, the application of which in PSA has mainly been studied with respect to experi-
mental design. Research into interpretable algorithms for PSA has focused on classification
and regression trees (CART) ([14]), concluding that these decision trees provide less biased
effect estimates, even under conditions of non-additivity and non-linearity ([15]; [16]). In this
respect, [17] examined a special case of discriminant analysis, selecting the best classification
tree in terms of optimality.

Among the black-box alternatives that have been developed in the field of ML, neural net-
works and bagging/boosting algorithms have attracted much attention. Neural networks are
discussed in [18] as a potential replacement for logistic regression in PSA, but to our
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knowledge, they have only been successfully applied in [15]. In addition, bagging algorithms
such as Random Forest ([19]) and boosting algorithms such as the Gradient Boosting Machine
(GBM) ([20]) have been included in several studies. It has been suggested that the use of GBM
could provide more stable weights and greater bias reduction than is the case with logit models
([21]) and multinomial models ([22]), at the cost of a minimal increase in variance. Similarly,
the incorporation of Random Forest into PSA may also reduce the level of bias in the estimates
obtained, compared to logistic models ([16] [23]) and classification trees ([24]). GBM has been
successfully applied in real experiments with propensity scores ([25], [26], [27]). In this field,
too, [28] studied the performance of boosted CART (GBM), but found that the performance
of each algorithm was strongly dependent on the scenario. Finally, [29] analysed the efficiency
of propensity estimation, using Random Forests for matching, taking into account the exis-
tence of missing data from the predictors, and reported good results for group balancing.

An interesting case of black-box algorithms is described by [30]. These authors used the
Super Learner paradigm proposed by [31], and estimated propensity scores by choosing the
best algorithm, in terms of goodness-of-fit, from a set of ML classification algorithms, includ-
ing Bayesian Generalised Linear Models, Support Vector Machines, Multivariate Adaptative
Regression Splines and k-Nearest Neighbours, apart from those mentioned above. This study
showed that overall efficiency was dependent on the underlying covariate structure, but that
PSA, using the Super Learner strategy, presented good balancing properties.

In recent survey research, ML algorithms have been widely studied in the probability sam-
pling context ([32]; [33]; [34]; [35]; [36]). In nonprobability sampling, however, PSA has
mainly been used in nonresponse propensity adjustments. The PSA procedure for addressing
the question of nonresponse bias, which was first developed by [37], usually follows the same
steps as in dealing with selection bias, but some alternatives to logistic regression have been
proposed. Thus, [38] used local polynomial regression models to adjust nonresponse propen-
sity estimates, in a paper extending their previous work on propensity estimates via kernel
regression. Further details of this method are discussed by [39]. These models provide better
estimates of propensity, in terms of likelihood, and lower variance than is the case with logistic
regression models, provided that the polynomial degree is properly specified. Applications of
ML algorithms in PSA for nonresponse propensity have been studied for classification and
regression trees ([40]) and Random Forests ([41]); their ability to reduce nonresponse bias, in
comparison with logistic regression, depends on the covariates available and on the complexity
of the relationships. These techniques for modelling nonresponse propensity are also
addressed by [42].

In the present paper, the ML approach is extended to the question of reducing selection
bias, considering various online survey scenarios that are subject to selection bias and examin-
ing how PSA may reduce this bias, according to the algorithm used to compute the propensity
estimates. The study method and the ML methods used are described in detail, after which we
present a simulation study based on artificial and real-world data. The implications of these
results are then discussed, and in the final section we suggest related lines of work for future
research.

Propensity Score Adjustment (PSA) for volunteer online samples

The procedure to perform Propensity Score Adjustment for removing volunteer bias in online
surveys can be described as follows: let s, be a volunteer nonprobabilistic sample of size 7,
self-selected from an online population U, which is a subset of the total target population U,
and s, a reference probabilistic sample of size n,, selected from U under a sampling design (s
pa) with 7; = 3,31 p4(s,) the first order inclusion probability for the i-th individual. Note that
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each element in both samples has a base weight associated, say d}, j = 1, . . ., n,, for the volun-

teer sample and d}, k =1, .. ., n,, for the reference sample (usually, d; = 1/m,). Covariates X
used to adjust the propensity scores have been measured on both samples, while the variable of
interest y has been measured only in the volunteer sample, and the probabilistic sample cannot
be directly used for its estimation as a result. Let z be a binary variable which measures whether
a participant of the complete sample s = s, U s, belongs to s, or s,.

0 i€s,
zi:{ , i=1,...,n,n=mn,+n, (1)
1 ie€s,

Let 71(x;) be the propensity score for participant i conditional on his/her covariates’ value x;.
n1(x;) reflects the probability of z; = 1 given the set of covariates X. The reference sample is
assumed to suffer from a small selection bias or no bias at all, and can be used to generate a
reliable estimate of the covariates’ distribution in the target population. This information
could be used to calculate which types of individuals are more or less prone to participate in an
online survey. The above-mentioned propensity scores, 7(x,), are often estimated using a
logistic regression model which can be described as in Eq 2.

) = ——— @

e 0Tx) + 1
where y is the vector of regression coefficients obtained in the modelling process. The original
online sample is reweighted using the propensity estimates to take into account the informa-
tion on selection bias provided by PSA. This procedure can be performed using weights for
either the Horvitz-Thompson or the Hajek estimators; the procedure for the Horvitz-Thomp-
son-type weights is described in [10] and [11] and can be summarised as follows. The com-
bined sample is sorted and then divided into C classes ([43] recommend the use of five classes)
according to each individual’s propensity score. An appropriate adjustment factor f; is
obtained using Eq 3

f _ Zkesﬁd};/Zkes,d}Z (3)
‘ e/ e, A

where s¢ and s¢ are individuals from the reference sample and the volunteer sample respec-

tively, belonging to the c-th class. The new weights w for individuals in the volunteer sample
are then calculated as follows:

., d,
Wj :f;d;/ _ Zkes, k/zkes, k d;, (4)
2jes i e

Hajek-type weights can be calculated as described in [2] and according to Eq 5. In this case,
the weights adjust the volunteer sample to the population of the probabilistic sample, U, rather
than the complete population U.

W= (5)

According to [44], the difference between the two approaches to the final estimates depends
both on the discreteness of the support of the covariates and on the selection mechanism used
(i.e., whether or not it is related to the target variable).
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Machine learning classification algorithms for propensity score
estimation

As described above, various alternatives to logistic regression can be used in propensity score
estimation, leading to different formulas to obtain 7 (x;). In this section, we present some for-
mulas associated with the application of some algorithms commonly used in PSA literature,
together with other techniques frequently seen in data mining ([45]), namely decision trees,
Random Forests, GBM, k-Nearest Neighbours and Naive Bayes.

Decision trees can be defined as a set of rules organised in a hierarchical structure, starting
from an initial node that represents the complete dataset. To predict a given individual, the data-
set is split into different subsets according to a rule based on an input predictor variable. Each
subset can also be split, successively, until a convergence criterion is met; then, the rule stops
increasing in complexity, and a terminal node is reached. Any input individual for the decision
tree will meet the criteria of a rule specified for it, and thus predicted according to data from the
individuals meeting the rule criteria. In our study, the algorithms used for tree building involve
C4.5, C5.0 ([46]) and CART ([14]). They differ in some aspects of tree building, such as the rule
pruning and complexity, but for brevity these questions are not addressed in the present paper.

This approach can be used to obtain the probabilities of the input individuals of a decision
tree belonging to any given class. In this context, these probabilities represent the individuals’
propensity to participate in an online survey, where z represents the binary target variable. Let
J1> - - - Jx be the set of rules (terminal nodes) of a decision tree; each rule represents a multidi-
mensional range for each covariate, say: J; = {X € B;} where B, € R?, and where p is the number
of covariates. Let n(s") and n(s/") be the number of volunteer sample and combined sample
members, respectively, which meet the criteria of the ith terminal node. The formula for esti-
mating propensity scores for an individual i using decision trees is described in Eq 6.

{ies/x; €]}

{ies/x, €]}

In the case of Random Forests, propensities are estimated by averaging the number of times
that an input individual is classified in the class representing the presence (often denoted as
“1”) through a set of m trees known as weak classifiers. Input variables for each tree are ran-
domly selected, in subsets of fixed size, from the available covariates. Therefore, the propensity
score estimation can be reformulated as in Eq 7.

Zj"il ¢j(xi) { 1 {i € S/Xi € ]pr}

T (xi) = ¢j(xi) = (7)
0 {ies/x, €],}

m

where J,; and ], represent the set of terminal nodes where individuals from the volunteer sam-
ple are minority and majority, respectively. In other words:

(s))

€

S

]p,:{]l,lzl,...,k: >0.5} (8)

~—

S

]ﬂb:{],,1:1,...,k:n(s;l)<o.5} 9)
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Note that in the cases where the volunteer and the reference sample are very unbalanced in
size, the propensity scores may be exactly zero or one for some individuals and in such cases
cannot be properly applied. In some studies, adjustments have been made in order to avoid
this situation; for instance, [41] applied a (1000 - x + 0.5)/1001 transformation to move the
propensities away from zero and one.

For k nearest neighbours, computing the propensity score estimates involves a distance
function d which measures the closeness of each data point to a given individual i using covari-
ates X. This distance allows the n — 1 individuals to be rearranged as xy), . . ., X(,,—1), where X,
and x,,_;) represent, respectively, the covariates of the closest and the furthest individual from
iaccording to d. As the target variable is binary, the propensity scores can be estimated with
the following formula:

Zjes/d<x,.xj>3d<x,v,x<k)>Zj

T (x,) =

(10)

Application of the formula shown in Eq 10 is equivalent to calculating the proportion of
individuals from the volunteer sample out of the k nearest neighbours to the individual i. The
number of neighbours k is arbitrary, meaning that k = 1 or even a small enough k will provide
probabilities of zero or one.

Estimation of the propensity scores using the Naive Bayes algorithm is based on the Bayes
formula, derived from the observed probabilities of participants belonging to the volunteer
sample and the occurrence of a given vector for X, that is, the values of the covariates for a
given individual i.

() =~ i (1)

If variables with very rare classes or presenting high cardinality are used as covariates, the
propensity estimates might present values significantly far from the real propensity.

Finally, when using a GBM algorithm ([19]), the formula for propensity score estimation has
the same structure as that used in logistic regression, but is based on a different parametrisation:

! (12)

T (Xi) = _efle(X,-) +1

where J(x;) represents a matrix of terminal nodes of m decision trees (the number of trees used
is decided by the user but should be correlated with the sample size, as in Random Forests) and
w is a vector representing the weights of each tree. The development of trees in J(x;) is achieved
through an iterative process minimising of the specified loss function for a small sample of the

input dataset (which, in this context, is assumed to be the combined sample s) selected for test-
ing purposes.

Simulation study
Artificial data

To evaluate the performance of classification algorithms applied under different circumstances
for PSA, we conducted an experiment using a fictitious population of voters. This population
was used originally by [44], following an experiment by [5] to measure the efficiency of adjust-
ments in selection bias. For the present study, minor changes were made to the gender distri-
butions by age so that a proper Missing Completely At Random (MCAR) situation could be
simulated. This population and the experiment are detailed below.
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The fictitious population had a total size of N = 50,000 individuals. The study aim was to
estimate the fraction of votes obtained by each of three fictitious parties, Party 1,2 and 3,in a
hypothetical election. Four sociodemographic variables—age, nationality, gender and educa-
tion—were measured in each sample and used as covariates for the PSA models.

o The age variable was determined by applying the following transformation of a simulated
Beta distribution: Age = 82x + 18, x ~ (2, 3). The resulting age pyramid was similar to the
real-world case in Spain ([47]).

In the study population, 15% were non-natives aged under 35 years, 10% were non-natives
aged 35 to 65 years, and 2.5% were non-natives aged over 65 years, which is similar to the
nationality distribution by ages in Spain ([48]).

The probability of the individual being male or female was identical, for the whole popula-
tion, in contrast to the experiment performed by [44].

Education was constrained to be dependent on the age strata (the same strata as for the
Nationality variable), in order to make it similar to the pattern of education levels among
Spanish adults ([49]).

o Of the individuals aged under 35 years, 35% had only primary education, 20% had second-
ary education and 45% had higher education.

« Of the individuals aged 35 to 65 years, 45% had only primary education, 25% had second-
ary education and 30% had higher education.

« Of the individuals aged over 65 years, 80% had only primary education, 10% had second-
ary education and 10% had higher education.

In addition, internet access was made dependent on age and nationality. Among non-
natives, internet access was available to 20% of those aged under 35 years, but only to 10% of
those aged 35 to 65 years and to 0% of those aged over 65 years. In contrast, for natives the cor-
responding values were 90%, 70% and 50% respectively.

The probabilities of a person voting for Party 1, 2 or 3 were considered in relation to the
above variables. Party 1 would attract the votes of 20% of the female population, but the men
would not vote for it at all. As internet access did not depend on gender, measuring the pro-
portions of the population who would vote for Party 1 could be considered an example of a
Missing Completely at Random (MCAR) selection mechanism. For Party 2, the voting proba-
bility increased in line with the voter’s age; among the population as a whole, nobody aged
under 35 years would vote for this party, while 40% of those aged 35 to 65 years would do so,
as would 60% of those over 65 years old. The above-mentioned relationship between age and
internet access means that the measurement of voting intentions for Party 2 is also subject to a
Missing At Random (MAR) selection mechanism. Finally, voting intentions for Party 3
depended on both age and internet access: thus, 10% of individuals with no internet access
(regardless of their age) would vote for this party, while among those with internet access, the
party would attract the votes of 60% of those under 35 years, 40% of those aged 35 to 65 years,
and 20% of those aged over 65 years. These relationships mean that the measurement of voting
intentions for Party 3 is subject to a Not Missing At Random (NMAR) selection mechanism,
as the target variable is in fact related to the selection variable.

The distribution of values for the population as a whole and for each of the subpopulations,
with and without access to internet, is shown in S1 Table. As expected, there is a slight diver-
gence in voting intentions for Party 2 between the population as a whole and those with inter-
net, and a strong divergence in this respect for Party 3. Persons with internet were more likely
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to have completed a course of higher education, were on average two years younger and were
five times less likely to be non-native. However, differences in gender were negligible, and so
voting intentions for Party 1 were barely affected.

To estimate voting percentages for each party, we selected a convenience sample from the
population with internet access, and a reference sample from the full population. The reference
sample was drawn by simple random sampling without replacement (SRSWOR), and three
different sampling schemes were tested to select the convenience sample:

1. SRSWOR from the whole internet population.

2. Sampling from the whole internet population with unequal self-selection probabilities,
obtained by the following formula:

1
n=——.i=1,2,...,31,881 (13)

i 4 g 1+0.05-Age;
where Age, is the age of the i-th individual of the internet population.

3. Sampling from the whole internet population with unequal self-selection probabilities,
obtained by the following formula:
1
TT.

':W’i:1’2"”7317881 (14)

where Age, is the age of the i-th individual of the internet population.

The formulas for the inclusion probabilities in schemes 2 and 3 were tested to evaluate how
ML algorithms perform in comparison with logistic regression when the relationship between
the covariates and the selection probability (which we assume to be the self-selection probabil-
ity) can be modelled using the logit function, with either linear or nonlinear relationships. The
experiment was replicated varying the convenience sample size across n,, = 500, 750, 1,000,
2,000, 5,000, 7,500 and 10,000, and the size of the reference survey was established at 500 indi-
viduals for each replication. The replication results were obtained by averaging the bias and
calculating the MSE of the estimates in 500 simulations. The mean bias of each replication was
obtained according to Eq 15:

Zifﬁlf’fn _ 4k (15)

Bias, = 500 p

where p* is the proportion of voters for Party k estimated in the m-th simulation and p* is the
real proportion of voters for Party k. The MSE for the estimators in each replication was
obtained directly from the estimates, as in Eq 16:
500 - 2
1 (an — #( )

MSE, = S22+ (Bias, )’ (16)

where ff is the mean of the estimates for the proportion of voters for Party k.

Real data

A set of real data was analysed to determine the usual patterns observed in real applications.
This real-data approach is commonly employed in studies of PSA ([10]; [11]; [12]).

The dataset used to simulate a pseudo-population was obtained from the microdata of the
2012 edition of the Life Conditions Survey (known by the Spanish acronym, ECV) ([50]). This
annual survey is conducted face-to-face by the Spanish Institute of Statistics, targeting the
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entire Spanish population aged 16 years or older. The primary unit considered is the house-
hold, and the secondary units are the members of the household. The variables considered
include income, poverty, equality, employment and household living conditions. In 2012,
12,714 households were surveyed, providing a sample population of 33,573 individuals. In this
study, the full sample had to be preprocessed before the simulation due to the considerable vol-
ume of missing data. After this filtering process, the size of the pseudo-population (that is, the
full filtered dataset) was N = 28,210, and 61 variables were identified as potential covariates for
the PSA models.

The convenience and reference samples were selected by SRSWOR from the volunteer
(internet) population and the full population, respectively. The identifying variable for volun-
teers and non-volunteers was the presence of a computer in the household. According to the
2012 Spanish Survey on Equipment and Use of Information and Communication Technolo-
gies in Households ([51]), 90.1% of persons who had a computer in their household also had
internet access, and 98.3% of those with internet access at home also had a computer. There-
fore, we believe it reasonable to assume that taking the presence of a computer in the house-
hold as the selection variable is a very good proxy of a variable measuring internet access in the
household. Two target variables were considered:

o The proportion of the population whose self-reported health was poor (those who responded
“poor” or “very poor” to the question regarding their general state of health.

o The proportion of the population living in a household with more than two members.

The experiment was replicated 500 times, varying the size of the convenience sample across
n,s = 500, 750, 1,000, 2,000, 5,000 while the reference sample size was maintained at n,, = 500,
and considering the following groups of covariates:

« Group 1: Nine covariates measuring region, size of home town/city, gender, marital status,
nationality, country of origin and education level (both achieved and currently studying).

Group 2: All the covariates in Group 1 plus five health-related variables, namely chronic dis-
eases, presence of disability, and lack of access to medical and/or dentistry services (and rea-
sons for this lack).

Group 3: All the covariates in Group 1 plus eleven poverty-related variables, namely delays

in bill payment, incidence of bills on the household economy, difficulty in living within
household income, ability to acquire certain household goods, possession of electrical appli-
ances, income needed to live without financial difficulty and calculated indicators of poverty
risk and material scarcity.

« Group 4: All 61 potential covariates. All of the above variables plus working conditions, care
provision, energy poverty and household conditions and expenditure.

The S1 Dataset includes the full dataset used to perform these analyses.

Algorithms and parameter tuning

The procedure in both simulations was the same: in each of the 500 simulations, convenience
and reference samples were selected, PSA was applied to reweight the convenience sample
using Hajek-type weights, and the population parameter was estimated using the convenience
sample with PSA. Measures of bias and MSE for each scenario, algorithm and n,, were esti-
mated as in ]18] and [14]. This procedure was implemented in the statistical software R ([52])
using the packages RWeka ([53]; [54]),C50 ([55]), rpart ([56]), randomForest ([57]), e1071
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([58]) abd gbm ([59]). Packages ggplot2 ([60]), xIsx ([61]), gridExtra ([62]) and RColorBrewer
([63]) were used to generate the figures illustrating the results.

Propensity scores were calculated in each case using logistic regression, C4.5, C5.0, CART,
k-nearest neighbors, Naive Bayes, Random Forest, and GBM. For exploratory purposes, in the
artificial data simulation the parameter configuration of each algorithm was selected on a grid,
as follows:

o Decision trees (C4.5, C5.0 and CART) were applied taking 0.1, 0.25 and 0.5 as confidence
values for pruning, and 0.5%, 1% and 5% of the dataset as the minimum number of observa-
tions per node.

 K-Nearest Neighbours was applied taking k = 3, 5,7, 9, 11, 13.
« Naive Bayes was applied with a slight Laplace smoothing for the values 0, 1, 2, 5, 10.
» Random Forests were generated with 500 trees and 1, 2, 4 sampled variables for each tree.

o GBM was applied with interaction depths of 4, 6 and 8, and learning rates of 0.1, 0.01 and
0.001.

The impact of tuning parameters in PSA is still poorly understood, and optimality criteria
are lacking. In this context, goal of classification algorithms is not to achieve greater accuracy
but a higher likelihood for the propensity of volunteer participation in an online survey ([11]).

Parameter tuning was implemented for real data simulation. Thus, 10 times repeated 10-fold
cross-validation was performed for each scenario, algorithm and n,, using the caret package in
R ([64]), except for the CART algorithm, for which the cross-validation was coded separately,
as caret does not allow us to refine the minimum number of observations per node. Log-Loss
optimisation was used, as this metric bettter explains the deviation of estimated propensities
from real participation. The parameter grids were as described above, with the following excep-
tions: the sampled variables for the Random Forest trees were taken as |/p, p/2 and p, where p is
the number of covariates. In C5.0, we did not optimise the confidence value for pruning and
minimum number of observations in the nodes. The optimal values obtained for C4.5 were
used in C5.0, because the two algorithms are closely related and likely to behave in a similar
way. On the other hand, the trials, type of model (rule-based or tree-based) and winnowing
(feature selection) were tuned in C5.0. The results obtained are summarised in S2 Table.

Results
Artificial data

S3 and S4 Tables show the bias and MSE results, respectively, obtained from using PSA with
ML algorithms and SRSWOR from the internet population to build the convenience sample.
There are small differences in bias reduction between C4.5, C5.0 and CART, especially for
larger volunteer sample sizes. For Party 1, these algorithms outperform logistic regression only
when the volunteer sample size is small, converging to the unadjusted case for larger samples.
For Parties 2 and 3, the three algorithms are only better than unadjusted estimations when the
sample sizes are balanced, but they never improve on PSA estimates using logistic regression.
The MSE estimators with C4.5, C5.0 and CART also converge to the unadjusted case, which is
smaller than PSA with logistic regression for Party 1 but greater for Parties 2 and 3. The
parameter tuning of decision trees (with any algorithm: CART, C4.5 or C5.0) has no signifi-
cant effect on bias removal, although greater confidence in the pruning appears to be slightly
advantageous in the case of Parties 2 and 3 if the C4.5 algorithm is used and the sample sizes
are relatively balanced.
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The use of the k-NN classifier yields less biased estimates than that of baseline logistic
regression for all of the missing data mechanisms considered. Thus, PSA with k-NN provides
estimates that are less biased, on average, than the unadjusted estimates and the default-PSA
reweighted estimates for Party 3. For Party 2, reweighting with PSA using k-NN transforms
the bias in the opposite direction to the original bias; however, this bias is lower than that pro-
duced by the PSA estimates with logistic regression in absolute terms. For Party 1, k-NN pro-
vides less biased estimates than logistic regression but a low value for k; moreover, larger
sample sizes are required. When estimating the likelihood of an individual voting for Party 1
or 2, the estimator MSE is smaller when PSA is used with k-NN rather than logistic regression,
for larger numbers of neighbours and balanced sample sizes. When this is done for Party 3, the
MSE of PSA with k-NN is significantly lower than for PSA with logistic regression, although
large values of k are required for full efficiency.

Application of the Naive Bayes classifier in PSA produces a substantially greater reduction
in bias than when PSA is performed with logistic regression, but only for the case of Party 2.
For the other two parties, Naive Bayes does not outperform logistic regression in PSA in terms
of estimation bias except when samples are balanced and larger integers are used for Laplace
smoothing. In addition, the MSE of the estimators is smaller with Naive Bayes when the sam-
ple sizes are balanced and Laplace smoothing uses larger integers. The improvement, however,
is rather limited.

Propensity estimation with the Random Forest algorithm is only advantageous in terms of
bias removal in the estimations for Party 3, in which case the Random Forests algorithm
achieves the highest bias reduction of all the classifiers reviewed. This is an important finding,
as this missing data mechanism is particularly troublesome and, moreover, is commonly
encountered in real data. The results for the MSE estimators under PSA with Random Forests
show that this value may be only half that obtained with PSA and logistic regression for Party
3. The number of candidate variables for tree growing provides better results, remaining low
for balanced sample sizes, but high for larger samples.

Finally, the efficiency of PSA reweighting with GBM is crucially dependent on the parame-
ter configuration employed. For all kinds of missing data mechanisms, PSA with GBM
removes bias more effectively when the learning rate is relatively low; thus, for Party 2, the bias
reduction is almost complete. The MSE of the estimators reveal that GBM for PSA is advanta-
geous for Parties 1 and 2 if parameter fitting is adequate (lower learning rates for Party 1,
higher ones for Party 2), and significantly advantageous for Party 3 when the learning rate is
high. The effects of interaction depth are mainly apparent with larger volunteer sample sizes,
and greater interaction depths provide estimations with lower levels of bias and MSE.

S5 and S6 Tables show the results obtained from using PSA with ML algorithms with unequal
selection probabilities in the internet population, following the logistic formula described in Eq
13 for convenience sampling, for bias and MSE, respectively. As in the previous scenario, bias
reduction with PSA using decision trees (C4.5, C5.0 or CART) converges to the unadjusted case
as the convenience sample size increases. The best results are provided by C4.5 trees, but these
are still much worse than those obtained with logistic regression. Regarding MSE, the lack of
variability produced by the inability of decision trees to grow in samples with a large fraction of
volunteer respondents leads them to have a smaller error than is the case with logistic regression
in the estimation of intentions to vote for Party 1, especially with CART. Parameter tuning has a
noticeable (albeit small) effect only when the samples are relatively balanced in size: with C4.5,
higher confidence in pruning leads to better results, while with CART the opposite is true.

Using the k-NN algorithm in PSA produces a greater bias reduction than that of logistic
regression for Parties 2 and 3, provided the number of neighbours, k, and the sample size are
sufficiently large. The increase in variability provoked by the use of this algorithm makes the
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MSE slightly higher than with logistic regression in the intention to vote for Party 2. However,
this is not the case regarding Party 3, where PSA with k-NN provides estimates with less error.
In the case of Naive Bayes, and regardless of the Laplace smoothing used, the bias and MSE are
greater for Party 2 than with logistic regression, but these values are smaller for Party 3. Com-
paratively, Naive Bayes in PSA provides estimates which produce a smaller error than either
logistic regression, decision trees or k-NN.

The bias removal provided by PSA with Random Forest is strongly dependent on the size of
the convenience sample and the number of variables sampled to create the trees. The bias for
Party 3 is close to zero when the convenience sample is around four times larger than the refer-
ence sample and only two variables are sampled. If four variables are sampled, the bias reduction
is greatest when the sample is 10 to 15 times greater. These results show that the Random Forest
algorithm again provides the best MSE results in estimating voting probabilities for Party 3.

The GBM algorithm applied in PSA for sampling with unequal selection probabilities pro-
duces a very similar situation to SRSWOR, except that efficiency decreases in line with the size
of the convenience sample size. When comparing the MSE in the voting estimation for Party 2
with that of k-NN and logistic regression, GBM is poorer with small sample sizes but better
with larger ones. Accordingly, GBM is the best option for estimating voting intentions for
Party 2 when a large convenience sample is available.

S7 and S8 Tables show the results for unequal selection probabilities in the internet popula-
tion following the logistic formula described in Eq 14 for convenience sampling, for bias and
MSE, respectively. The performance of all the algorithms, taking into account that the amount
of inherent bias is smaller, is very similar to the previous case. Among the differences observed,
it should be noted that bias reduction is worse with k-NN (especially in estimating voting
intentions for Party 2, for which this algorithm performs no better than logistic regression)
and that Naive Bayes performs better for Party 2 but worse for Party 3.

S9 Table summarises the bias and MSE measures obtained for each algorithm and selection
mechanism, revealing certain characteristic patterns. For Party 1, while Naive Bayes provides
the lowest mean bias and is the best adjustment more frequently than the other algorithms,
decision trees are better choices in terms of MSE, especially CART. For Party 2, bias reduction
is dominated by PSA with k-NN and GBM but the former is surpassed by GLM in terms of
MSE. Finally, Random Forest seems to be the best algorithm for PSA regarding voting inten-
tions for Party 3, both in terms of bias and MSE. In general, ML algorithms (except for deci-
sion trees) produce the largest reductions in bias and, in many cases too, the lowest MSE.

Real data

S10 Table show the results obtained for the bias present in estimating the fraction of the popu-
lation who perceive their health to be poor. The table rows show the estimations obtained after
PSA reweighting with the four covariate groups. These results clearly reflect the importance of
the variables regarding PSA efficiency; when only demographic variables are included, PSA
with Naive Bayes provides the least biased estimates for all sample sizes, but also greater vari-
ance than the other methods and hence a larger MSE. In consequence, PSA with logistic
regression provides the smallest error term. The bias is smaller when variables related to the
outcome (health) or the exposure (poverty) are included in the models, with the former group
leading to greater reductions in bias and MSE, but in this respect the situation for algorithms
is unaffected. However, when all available covariates are used, PSA with Naive Bayes appears
to produce high levels of bias, while PSA with logistic regression is almost unbiased for large
volunteer sample sizes, at the cost of high variance. As a result, MSE values are poor for PSA
with logistic regression, while decision trees (for small #,;) and bagging/boosting algorithms

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 12/19


https://doi.org/10.1371/journal.pone.0231500

PLOS ONE

PSA using ML algorithms for controlling selection bias in online surveys

(for large n,,) have the smallest term of error. The estimation with the lowest MSE was
achieved using PSA with logistic regression together with demographic and health-related pre-
dictors, followed by PSA with GBM using all available predictors.

S11 Table shows the bias estimates for the fraction of households with more than two mem-
bers, after PSA reweighting. It is noticeable that PSA with Random Forest removes most of the
original bias as the volunteer sample size increases when only demographic variables are used,
to the point that the MSE of the estimates obtained by PSA with Random Forest with #, is the
lowest of all those observed during the experiment. This pattern continues when health-related
variables are added, although the bias of the estimates increases. On the other hand, if small
volunteer samples are used, PSA with logistic regression provides the estimates with the small-
est error term, and this true for all sample sizes when poverty covariates are used. When all
covariates are included, a similar pattern is observed: thus, decision trees and GBM (with the
latter providing the second-lowest MSE of the experiment), are the best algorithms for PSA
when small and large sample sizes, respectively, are available.

Discussion

New technologies have had a profound impact on surveying techniques worldwide. This
impact is especially significant for social and political surveys, and most particularly for market
research surveys, where the speed increases and cost reductions achieved with new technolo-
gies have radically changed the ways in which data are compiled. While in many cases the pub-
lic sector continues to conduct interviews face-to-face and/or via telephone landlines, private
companies are using mobile phones, tablets and the web, as standalone or combined strategies,
thus obtaining data from volunteer participants. On the other hand, the results obtained with
such nonprobability surveys present various problematic issues, notably the absence of a sam-
ple design assigning weights to the sample units, the presence of frame coverage issues and the
risk of nonresponse bias. Although many statistical methods have been proposed to alleviate
the problems of noncoverage and nonresponse, the question of nonrandomness in the sample
is more complex and has not been thoroughly addressed.

In this respect, [65] reviewed existing inference methods to correct for selection bias in
nonprobability samples. These authors considered a situation where only a nonprobability
sample is available and compared a range of predictive inference methods (pseudo-design-
based and model-based) in a general framework. The conclusion drawn from this study was
that machine learning methods should be incorporated to address the problem of misrepre-
sentation in nonprobability samples.

The present study considers another class of methods that may be used to correct selection
bias in volunteer online surveys, which combine a nonprobability sample with a reference
sample in order to construct propensity models. Our analysis compares logistic regression and
ML classification algorithms for propensity estimation to determine the extent to which ML
may be considered a viable alternative. ML algorithms present certain advantages over logistic
regression; for example, they present greater flexibility, and do not require the analyst to spec-
ify a model with its interactions on nonlinear relationships, as ML is capable of capturing these
relationships in the data learning procedure. Our study considers situations with few and with
many covariates, for three different missing-data mechanisms influencing the selection pro-
cess, and for different parameter configurations in the classifiers. To our knowledge, the only
previous studies of the efficiency of classifier parameter tuning in PSA are those of [15] and
[16] for decision trees, and to a more limited extent than in the present case. In addition, [41]
alluded to some preliminary tests for Random Forest parameters, suggesting that optimum
parameter selection would improve the estimations achieved.
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The results we present show that most of the algorithms evaluated may provide a valid alter-
native to logistic regression in PSA if circumstances make the latter inappropriate. The C4.5
and C5.0 algorithms for decision trees are particularly useful when reference and volunteer
sample sizes are balanced and the variables are numerous. Decision trees can be considered as
variable selectors, as they automatically select subsets of optimal variables for classification,
which is advantageous when the dimensionality is high ([66]). However, they also increase
estimation variance when used for PSA, especially when there are significant nonlinear rela-
tionships between variables and the sample size is small ([16]; [28]).

The k-Nearest Neighbours (k-NN) algorithm is another useful alternative to logistic regres-
sion in PSA if the number of covariates available is low, especially with NMAR selection. How-
ever, as the dimensionality increases, k-NN becomes less efficient than other approaches. Its
behaviour in both low and high-dimensional contexts was studied by [67], who concluded that
higher dimensionality results in more concentrated distances, which makes k-NN less explica-
tive of the actual class of an individual.

Our evaluation of Naive Bayes in PSA for controlling selection bias revealed the existence
of certain very clear patterns. When used with balanced sample sizes and few covariates, and
not presenting rare or infrequent values, this algorithm provides smaller MSE values. In any
other case, although PSA with Naive Bayes behaves in an unstable way, simulations for NMAR
using real data show that MSE is also substantially reduced. Ideally, Naive Bayes should be
employed with discrete input variables, as the probability computation performed by the algo-
rithm is based on cross-tabulations. In addition, Naive Bayes assumes independence between
the variables, which may not be realistic in a high dimensional context due to the redundancy
and noise issues that often arise (see [66]).

The application of bagging and boosting algorithms produced interesting results. Random
Forest, which has been widely tested for PSA ([16]; [23]; [22]; [24]; [30]; [41]; [29]), achieved the
largest bias reduction when the selection mechanism was NMAR, both for simulated data
(under the condition of sample balancing) and with real data. However, its application presented
several drawbacks, especially the fact that it is very prone to overfit propensity estimates on the
data, as was apparent in the MSE of the Random Forest estimates with PSA, which tended to
decrease and stabilise as the volunteer sample size increased. This pattern of behaviour has been
reported previously by [24] for treatment effect estimates, and by [41], who observed an increase
in variance when Random Forests of classification trees were used. On the other hand, the
GBM, also referred to in the literature as boosted CART ([16]; [30]), provided weights that
resulted in more stable behaviour of the estimates, as has also been noted previously ([16]; [22]).
The GBM is efficient if the parameters are correctly tuned and the covariates are sufficiently dis-
criminant. In this respect, [21] proposed a default parameter configuration for the GBM with
low interaction depth and shrinkage. In the simulated data example described, better results
were obtained with greater interaction depths. On the other hand, the best results with artificial
data simulation were obtained when the learning rate was maximal; this parameter is related to
overfit, and therefore should not produce a different pattern of behaviour in other situations.
Nonetheless, further research is needed on the question of GBM parameter fitting. Finally, let us
note that PSA with GBM in the real data simulation provided the best results in terms of MSE,
for a large volunteer sample and when all available covariates were used.

Conclusion

Our study findings support the use of ML algorithms as an alternative to PSA for reducing or
eliminating selection bias in online surveys, although logistic regression is also shown to be a
robust, reliable technique for propensity estimation. The efficiency of ML algorithms is closely
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related to the type of data considered and therefore no single approach is optimum for every
case. We provide evidence with respect to MCAR, MAR and NMAR selection mechanisms,
and for situations of low or high dimensionality. When selection follows a MCAR scheme,
CART and GBM are the best alternatives, although the other ML algorithms tested, except
Random Forest, also improve upon the results obtained by PSA with logistic regression, espe-
cially as the volunteer sample size increases. With MAR or NMAR selection, logistic regression
generally provides good adjustments, especially when the dimensionality is low and the covari-
ates are not very discriminant. However, if more covariates are available, logistic regression
tends to destabilise and the MSE increases, despite its improved performance in bias removal;
in this case, GBM, k-NN, decision trees and Random Forests all represent good alternatives.
Random Forests provides good results when the data are MCAR, even if covariates are nonsig-
nificant, although more research is needed on the possible incidence of overfitting on the final
results obtained. The presence of balancing and overfitting issues suggests that data prepro-
cessing should be a key step in the estimation of propensity scores, as observed previously by
[17]. We recommend that further studies should consider the application of data preprocess-
ing techniques such as noise filtering, sample balancing or feature selection (see [68]) before
PSA application, and also take into account the effects of dimensionality when designing simu-
lation experiments or applications.

In general, our findings support the view given in [65] that ML methods can usefully be
used to remove selection bias when dealing with non-probability samples. Prior research has
shown that PSA successfully removes bias in some situations but at the cost of increasing the
variance of the estimates ([10]; [11]). The technique proposed by [11] and [12], applying a com-
bination of PSA and calibration, may represent a good alternative in such situations. The
behaviour of ML methods when both PSA and calibration are applied is currently under study.

Supporting information

S1 Table. Summary statistics of the simulated population and the subpopulations with
and without internet access.
(PDF)

S2 Table. Optimal parameters for each algorithm given a volunteer sample size and a
group of covariates in the real data simulation, obtained with a 10 times repeated 10-fold
cross-validation.

(PDF)

S3 Table. Bias on the estimation of vote intention with unequal selection probabilities for
the convenience sample based on SRSWOR from the internet population.
(PDF)

$4 Table. Mean Square Error (MSE) in the estimation of vote intention with unequal selection
probabilities for the convenience sample based on SRSWOR from the internet population.
(PDF)

S5 Table. Bias in the estimation of vote intention with unequal selection probabilities for
the convenience sample based on the logistic formula.
(PDF)

S6 Table. Mean Square Error (MSE) in the estimation of vote intention with unequal selec-
tion probabilities for the convenience sample based on the logistic formula.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s006
https://doi.org/10.1371/journal.pone.0231500

PLOS ONE

PSA using ML algorithms for controlling selection bias in online surveys

$7 Table. Bias in the estimation of vote intention with unequal selection probabilities for
the convenience sample based on the logistic formula with a sine transformation.
(PDF)

S8 Table. Mean Square Error (MSE) in the estimation of vote intention with unequal selec-
tion probabilities for the convenience sample based on the logistic formula with a sine
transformation.

(PDF)

S9 Table. Mean and median of bias (absolute values) and MSE of estimates using PSA for
each algorithm, and number of times its estimates are among the best (absolute bias or
MSE less than 1% greater than the minimum value).

(PDF)

$10 Table. Bias and MSE prevalence estimates of self-reported “poor health” status after
reweighting with PSA using classification algorithms.
(PDF)

S11 Table. Bias and MSE of the estimates of the fraction of households with more than two
members after reweighting with PSA using classification algorithms.
(PDF)

S1 Dataset. Datasets used in the simulation study.
(DOCX)

Author Contributions

Conceptualization: Maria del Mar Rueda.

Data curation: Ramoén Ferri-Garcia.

Formal analysis: Ramon Ferri-Garcia.

Funding acquisition: Maria del Mar Rueda.
Methodology: Ramon Ferri-Garcia, Maria del Mar Rueda.
Software: Ramon Ferri-Garcia.

Writing - original draft: Ramon Ferri-Garcia.

Writing - review & editing: Maria del Mar Rueda.

References
1. Elliott MR and Valliant R. Inference for Nonprobability Samples. Stat Sci2017; 32(2):249-264.
Schonlau M and Couper M. Options for Conducting Web Surveys. Stat Sci2017; 32(2):279-292.

3. Couper M, Kapteyn A, Schonlau M and Winter J. Noncoverage and Non-response in an internet Survey.
Soc Sci Res 2007; 36:131-148.

4. National Institute of Statistics. Survey on Equipment and Use of Information and Communication Tech-
nologies in Households. 2017.

5. Bethlehem J. Selection Bias in Web Surveys. Int Stat Rev2010; 78(2):161-188.

6. DeverJA, Rafferty A and Valliant R. Internet surveys: Can statistical adjustments eliminate coverage
bias?. Surv Res Methods 2008; 2(2):47-62.

7. Rosenbaum PR and Rubin DB. The Central Role of the Propensity Score in Observational Studies for
Causal Effects. Biometrika 1983; 70(1):41-55.

8. Taylor H. Does internet research work? Int J Market Res 2000; 42(1):51-63.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0231500.s012
https://doi.org/10.1371/journal.pone.0231500

PLOS ONE

PSA using ML algorithms for controlling selection bias in online surveys

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

Taylor H, Bremer J, Overmeyer C, Siegel JW and Terhanian G. The record of internet-based opinion
polls in predicting the results of 72 races in the November 2000 US elections. Int J Market Res 2001; 43
(2):127-135.

Lee S. Propensity Score Adjustment as a Weighting Scheme for Volunteer Panel Web Surveys. J Off
Stat 2006; 22(2):329-349.

Lee S and Valliant R. Estimation for Volunteer Panel Web Surveys Using Propensity Score Adjustment
and Calibration Adjustment. Sociol Method Res 2009, 37(3):319-343.

Valliant R and Dever JA. Estimating Propensity Adjustments for Volunteer Web Surveys. Sociol Method
Res2011; 40(1):105-137.

Agresti A. An introduction to categorical data analysis. Hoboken, New Jersey: John Wiley & Sons,
2007.

Breiman L, Friedman J, Olshen R and Stone C. Classification and regression trees. Belmont, Califor-
nia: Wadsworth, 1984.

Setoguchi S, Schneeweiss S, Brookhart MA, Glynn RJ and Cook EF. Evaluating uses of data mining
techniques in propensity score estimation: a simulation study. Pharmacoepidemiol Drug Saf2008; 17
(6):546-555. https://doi.org/10.1002/pds.1555 PMID: 18311848

Lee BK, Lessler J and Stuart EA. Improving propensity score weighting using machine learning. Stat
Med2010; 29(3):337-346. https://doi.org/10.1002/sim.3782 PMID: 19960510

Linden A and Yarnold PR. Using classification tree analysis to generate propensity score weights. J
Eval Clin Pract2017; 23(4):703-712. https://doi.org/10.1111/jep.12744 PMID: 28371206

Westreich D, Lessler J and Funk MJ. Propensity score estimation: neural networks, support vector
machines, decision trees (CART), and meta-classifiers as alternatives to logistic regression. J Clin Epi-
demiol 2010; 63:826—833. https://doi.org/10.1016/j.jclinepi.2009.11.020 PMID: 20630332

Breiman L. Random forests. Mach Learn2001; 45(1):5-32.

Friedman JH. Greedy function approximation: a gradient boosting machine. Ann Stat2001; 1189—
1232.

McCaffrey DF, Ridgeway G and Morral AR. Propensity score estimation with boosted regression for
evaluating causal effects in observational studies. Psychol Methods 2004; 9(4):403-425. https://doi.
0rg/10.1037/1082-989X.9.4.403 PMID: 15598095

McCaffrey DF, Griffin BA, Almirall D, Slaughter ME, Ramchand R and Burgette LF. A tutorial on propen-
sity score estimation for multiple treatments using generalized boosted models. Stat Med2013; 32
(19):3388-3414. https://doi.org/10.1002/sim.5753 PMID: 23508673

Austin PC. Using ensemble-based methods for directly estimating causal effects: an investigation of
tree-based G-computation. Multivar Behav Res 2012; 47(1):115-135.

Watkins S, Jonsson Funk M, Brookhart MA, Rosenberg SA, O’'Shea TM and Daniels J. An Empirical
Comparison of Tree Based Methods for Propensity Score Estimation. Health Serv Res 2013; 48
(5):1798-1817. https://doi.org/10.1111/1475-6773.12068 PMID: 23701015

Harder VS, Morral AR and Arkes J. Marijuana use and depression among adults: Testing for causal
associations. Addiction 2006; 101(10):1463—1472. https://doi.org/10.1111/j.1360-0443.2006.01545.x
PMID: 16968348

Harder VS, Stuart EA and Anthony JC. Adolescent cannabis problems and young adult depression:
male-female stratified propensity score analyses. Am J Epidemiol 2008; 168(6):592—601. https://doi.
org/10.1093/aje/kwn184 PMID: 18687663

Harder VS, Stuart EA and Anthony JC. Propensity score techniques and the assessment of measured
covariate balance to test causal associations in psychological research. Psychol Methods 2010, 15
(3):234. https://doi.org/10.1037/a0019623 PMID: 20822250

Wyss R, Ellis AR, Brookhart MA, Girman CJ, Jonsson Funk M, LoCasale R, et al. The role of prediction
modeling in propensity score estimation: an evaluation of logistic regression, bCART, and the covari-
ate-balancing propensity score. Am J Epidemiol 2014; 180(6):645—655. https://doi.org/10.1093/aje/
kwu181 PMID: 25143475

Zhao P, Su X, Ge T and Fan J. Propensity score and proximity matching using random forest. Contemp
Clin Trials 2016; 47:85-92. https://doi.org/10.1016/j.cct.2015.12.012 PMID: 26706666

Pirracchio R, Petersen ML and Van Der Laan M. Improving propensity score estimators’ robustness to
model misspecification using super learner. Am J Epidemiol 2014; 181(2):108-119. https://doi.org/10.
1093/aje/kwu253 PMID: 25515168

Van Der Laan MJ, Polley EC and Hubbard AE. Super Learner. Stat Appl Genet Mo B2007; 6(1):1-21.

Montanari GE and Ranalli MG. Multiple and ridge model calibration. In: Proceedings of Workshop on
Calibration and Estimation in Surveys, Ottawa, Canada, October 31-November 1 2007.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 17/19


https://doi.org/10.1002/pds.1555
http://www.ncbi.nlm.nih.gov/pubmed/18311848
https://doi.org/10.1002/sim.3782
http://www.ncbi.nlm.nih.gov/pubmed/19960510
https://doi.org/10.1111/jep.12744
http://www.ncbi.nlm.nih.gov/pubmed/28371206
https://doi.org/10.1016/j.jclinepi.2009.11.020
http://www.ncbi.nlm.nih.gov/pubmed/20630332
https://doi.org/10.1037/1082-989X.9.4.403
https://doi.org/10.1037/1082-989X.9.4.403
http://www.ncbi.nlm.nih.gov/pubmed/15598095
https://doi.org/10.1002/sim.5753
http://www.ncbi.nlm.nih.gov/pubmed/23508673
https://doi.org/10.1111/1475-6773.12068
http://www.ncbi.nlm.nih.gov/pubmed/23701015
https://doi.org/10.1111/j.1360-0443.2006.01545.x
http://www.ncbi.nlm.nih.gov/pubmed/16968348
https://doi.org/10.1093/aje/kwn184
https://doi.org/10.1093/aje/kwn184
http://www.ncbi.nlm.nih.gov/pubmed/18687663
https://doi.org/10.1037/a0019623
http://www.ncbi.nlm.nih.gov/pubmed/20822250
https://doi.org/10.1093/aje/kwu181
https://doi.org/10.1093/aje/kwu181
http://www.ncbi.nlm.nih.gov/pubmed/25143475
https://doi.org/10.1016/j.cct.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26706666
https://doi.org/10.1093/aje/kwu253
https://doi.org/10.1093/aje/kwu253
http://www.ncbi.nlm.nih.gov/pubmed/25515168
https://doi.org/10.1371/journal.pone.0231500

PLOS ONE

PSA using ML algorithms for controlling selection bias in online surveys

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.
48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Baffetta F, Fattorini L, Franceschi S and Corona P. Design-based approach to k-nearest neighbours
technique for coupling field and remotely sensed data in forest surveys. Remote Sens Environ 2009;
113(3):463-475.

Tipton J, Opsomer J and Moisen G. Properties of endogenous post-stratified estimation using remote
sensing data. Remote Sens Environ2013; 139:130-137.

Wang JC, Opsomer JD and Wang H. Bagging non-differentiable estimators in complex surveys. Surv
Methodol2014; 40:189-209.

Breidt J and Opsomer J. Model-assisted survey estimation with modern prediction. Stat Sci2017; 32
(2):190-205.

David M, Little RJA, Samuhel ME and Triest RK. Nonrandom nonresponse models based on the pro-
pensity to respond. In: Proceedings of the Business and Economic Statistics Section of the American
Statistical Association, 1983, pp. 168—173.

Da Silva DN and Opsomer JD. Nonparametric propensity weighting for survey nonresponse through
local polynomial regression. Surv Methodol 2009; 35(2):165—-176.

Da Silva DN and Opsomer JD. A kernel smoothing method of adjusting for unit non response in sample
surveys. Can J Stat2006; 34(4):563-579.

Phipps P and Toth D. Analyzing establishment nonresponse using an interpretable regression tree
model with linked administrative data. Ann Appl Stat2012; 6(2):772—794.

Buskirk TD and Kolenikov S. Finding respondents in the forest: a comparison of logistic regression and
random forest models for response propensity weighting and stratification. Survey Methods: Insights
from the Field 2015; 17.

Valliant R and Dever JA, Kreuter F. Practical tools for designing and weighting survey samples. New
York: Springer, 2013.

Cochran WG. The Effectiveness of Adjustment by Subclassification in Removing Bias in Observational
Studies. Biometrics 1968; 24(2):295-313. PMID: 5683871

Ferri-Garcia R and Rueda MM. Efficiency of Propensity Score Adjustment and calibration on the esti-
mation from non-probabilistic online surveys. SORT-Stat Oper Res T2018; 1(2):159-182.

Wu X, Kumar V, Quinlan JR, Ghosh J, Yang Q, Motoda H, et al. Top 10 algorithms in data mining.
Knowl Inf Syst2008; 14(1):1-37.

Quinlan JR. C4.5: programs for machine learning. San Francisco, CA: Morgan Kaufmann Publishers
Inc., 1993.

National Institute of Statistics. Espafia en Cifras 2017. 2017b.

National Institute of Statistics. Population (Spaniards/Foreigners) by communities, age (five years
groups), sex and year. 2016.

National Institute of Statistics. Educational level of the adult population by age groups. CNED-2014.
2017c.

National Institute of Statistics. Life Conditions Survey. Microdata. 2012.

National Institute of Statistics. Survey on Equipment and Use of Information and Communication Tech-
nologies in Households. Microdata. 2012b.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.R-project.org/ (2018, accessed 9 September 2019).

Hornik K, Buchta C and Zeileis A. Open-Source Machine Learning: R Meets Weka. Comp Stat 2009;
24(2):225-232.

Witten IH and Frank E. Data Mining: Practical Machine Learning Tools and Techniques. 2nd ed. San
Francisco: Morgan Kaufmann, 2005.

Kuhn M and Quinlan R. C50: C5.0 Decision Trees and Rule-Based Models. R package version 0.1.2.
https://CRAN.R-project.org/package=C50 (2018, accessed 9 September 2019).

Therneau T and Atkinson B. rpart: Recursive Partitioning and Regression Trees. R package version
4.1-13. https://CRAN.R-project.org/package=rpart (2018, accessed 9 September 2019).

Liaw A and Wiener M. Classification and Regression by randomForest. R News 2002; 2(3):18-22.

Meyer D, Dimitriadou E, Hornik K, Weingessel A and Leisch F. e1071: Misc Functions of the Depart-
ment of Statistics, Probability Theory Group (Formerly: E1071), TU Wien. R package version 1.7-0.
https://CRAN.R-project.org/package=e1071 (2018, accessed 9 September 2019).

Greenwell B, Boehmke B, Cunningham J and GBM Developers. gbm: Generalized Boosted Regression
Models. R package version 2.1.4. https://CRAN.R-project.org/package=gbm (2018, accessed 9 Sep-
tember 2019)

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 18/19


http://www.ncbi.nlm.nih.gov/pubmed/5683871
https://www.R-project.org/
https://CRAN.R-project.org/package=C50
https://CRAN.R-project.org/package=rpart
https://CRAN.R-project.org/package=e1071
https://CRAN.R-project.org/package=gbm
https://doi.org/10.1371/journal.pone.0231500

PLOS ONE

PSA using ML algorithms for controlling selection bias in online surveys

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. New York: Springer-Verlag, 2016.

Dragulescu AA and Arendt C. xIsx: Read, Write, Format Excel 2007 and Excel 97/2000/XP/2003 Files.
R package version 0.6.1. https://CRAN.R-project.org/package=xIsx (2018, accessed 9 September
2019)

Auguie B. gridExtra: Miscellaneous Functions for “Grid” Graphics. R package version 2.3. https:/
CRAN.R-project.org/package=gridExtra (2017, accessed 9 September 2019)

Neuwirth E. RColorBrewer: ColorBrewer Palettes. R package version 1.1-2. https://CRAN.R-project.
org/package=RColorBrewer (2014, accessed 9 September 2019).

Kuhn M. caret: Classification and Regression Training. R package version 6.0-81. https://CRAN.R-
project.org/package=caret (2018, accessed 9 September 2019).

Buelens B, Burger J and van den Brakel JA. Comparing Inference Methods for Non-probability Sam-
ples. Int Stat Rev2018; 86(2):322-343.

Garcia S, Luengo J and Herrera F. Data preprocessing in data mining. Switzerland: Springer Interna-
tional Publishing, 2015.

Beyer K, Goldstein J, Ramakrishnan R and Shaft U. When is “nearest neighbor” meaningful?. In: Inter-
national conference on database theory, Jerusalem, Israel, January 10-12, 1999, pp. 217-235. Berlin,
Heidelberg: Springer.

Fayyad U, Piatetsky-Shapiro G and Smyth P. From data mining to knowledge discovery in databases.
Al mag1996; 17(3):37-37.

PLOS ONE | https://doi.org/10.1371/journal.pone.0231500  April 22, 2020 19/19


https://CRAN.R-project.org/package=xlsx
https://CRAN.R-project.org/package=gridExtra
https://CRAN.R-project.org/package=gridExtra
https://CRAN.R-project.org/package=RColorBrewer
https://CRAN.R-project.org/package=RColorBrewer
https://CRAN.R-project.org/package=caret
https://CRAN.R-project.org/package=caret
https://doi.org/10.1371/journal.pone.0231500

