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Abstract

In educational testing, inferences of ability have been mainly based on item responses, while the time taken
to complete an item is often ignored. To better infer the ability, a new class of state space models, which
conjointly model response time with time series of dichotomous responses, is developed. Simulations for
the proposed models demonstrate that the biases of ability estimation are reduced as well as the precisions
of ability estimation are improved. An empirical study is conducted using EdSphere datasets, where the
two competing relationships (i.e., monotone and inverted U-shape) for the distance between ability and
difficulty are investigated in modeling response times. The results of model comparison support that the
inverted U-shape relationship better captures the behaviors and psychology of examinees in exams for
EdSphere datasets.

Keywords: computerized testing; dynamic item response models; local dependence; Markov chain Monte Carlo (MCMC);
response times

1. Introduction

Item response theory (IRT) models, also known as latent trait (analysis) models, have been widely used
in measurement testing for several decades. They originated from analyzing dichotomous items (Lord,
1953; Rasch, 1961), soon extended to modeling polychotomous items (Darrell Bock, 1972; Samejima,
1970). The applications of IRT models became diverse from education and psychology to political
science, clinical and health studies, marketing, and so on. One of the most famous IRT models is the
Rasch model (Rasch, 1961), belonging to one-parameter IRT models, which is typically specified as

Pr(X,-J =1|6;,d;) =F(0; - d;), (L.1)

where the subscript (4,/) is used to index i-th person and I-th item, X; ; then represents the correctness
of the answer (1 if correct, 0 otherwise), §; is one’s ability, d; denotes the item difficulty, and F(x) is
a cumulative distribution function (cdf) for continuous random variables and F™*(-) is called the link
function. For the Rasch model, the link function is chosen to be logistic. Often, IRT models are based on
the local independence assumption, which means, conditionally on 6;, d;, (as in (1.1)), the item response
variables X; ;s are independent.
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1.1. EdSphere testbed

Our study is motivated by the EdSphere dataset provided by High Road Learning Company. EdSphere
is a personalized literacy learning platform that continuously collects data about student performance
and strategic behaviors each time when he/she reads an article. The data were generated during each
session when a student read an article selected from a large bank of articles. A session begins like this:
a student selects from a generated list of articles having text complexities in a range targeted to his/her
current ability estimate. The text complexity is measured in other platforms (cf. Swartz et al. (2016)
and Stenner (2022) for more details). Once the article is chosen, the computer, following a prescribed
protocol, randomly selects a sample of the eligible words to be “clozed,” that is, to be removed and
replaced by blanks, and presents the article to the student with these words clozed. When a blank is
encountered while reading the article, the student clicks it and then the true removed word along with
three incorrect options called foils are presented. As with the target word, the foils are selected randomly
according to a prescribed protocol. The student has to select a word to fill in the blank from the four
choices before he/she can move to the next question and an immediate feedback is provided in the form
of the correct answer. The dichotomous items produced by this procedure are called “Auto-Generated-
Cloze” items, which are randomized items. This type of item implies that even if two students select the
same article to read, the sets of target words and foils will be different. As a consequence, it is not feasible
to obtain data-based estimates of item parameters.

The EdSphere dataset consists of 16,949 students who registered over five years in the EdSphere
learning platform at a school district in Mississippi. The students were in different grades and could enter
and leave the program at different times between 2007 and 2011. They can take tests on different days
and have different time lapses between tests, which indicates the responses observed are longitudinal
at individually-varying and irregularly-spaced time points. Thus, a dynamic structure to modeling
changes of latent traits is needed. In addition, as mentioned in Wang et al. (2013), in the environment
of EdSphere, the factors, such as test random effects (e.g., an overall comprehension of the article) and
daily random effects (such as the person’s emotional status and other factors), might undermine the
local independence assumption of classic IRT models.

To summarize, the EdSphere dataset has several distinctive features that often do not appear in a
classic paper-and-pencil test, i.e., randomized items, longitudinal observations, and local dependence,
making the use of classic IRT models face great challenges.

1.2. Recent developments of IRT models

To address these challenges in the advent of the modern computerized (adaptive) testing, there have
been many developments of IRT models in the literature. For the generalization of IRT models to
longitudinal data, some researchers used parametric function of time to model the changes of latent
traits (Albers et al., 1989; Johnson & Raudenbush, 2006; Verhagen & Fox, 2013) and Wang & Nydick
(2020) unified various longitudinal IRT models in terms of expressions using the function of time.
Recently, Liu & Wang (2020) further developed a flexible nonparametric function of the time to model
the latent trajectory. On the other hand, some researchers applied a Markov chain model to describe the
time dependence of latent traits (Martin & Quinn, 2002; Park, 2011). To take account of local dependence
issues, there have been parallel developments for the procedures of detecting it (Chen & Thissen, 1997;
Christensen et al., 2017; Liu & Maydeu-Olivares, 2013; Yen, 1984) and ways of modeling it (Bradlow
etal., 1999; Cai, 2010; Jannarone, 1986; Olsbjerg & Christensen, 2015). To deal with randomized items,
often introduce random effects for item parameters (De Boeck, 2008; Sinharay et al., 2003).

However, the current literature that focuses on three challenges simultaneously is very limited. Wang
et al. (2013) developed a new class of state space models, called dynamic item response (DIR) models,
to address the three challenges within one unified framework. In this regard, their work is pioneering
but they ignored the usage of the response time information, which is often easily obtained during
computerized tests. When response accuracy and response time are both available in a test, Thissen
(1983) argued that the separate analysis of them might yield misleading inferences. Their points are
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further guarded by other researchers (Ferrando & Lorenzo-Seva, 2007; Ranger & Kuhn, 2012; Van der
Linden et al., 2010; Wang et al., 2019), who showed that using response times as auxiliary information
has improved the estimation of certain parameters in IRT models. In this article, we have considered
the response times with the joint analysis of the response accuracy in a computerized (adaptive) testing.
From our simulation and real data analysis, we also demonstrate that there are improvements in terms
of accuracy and bias for the estimates of ability in the longitudinal study. This is a pretty important
point because the algorithm for running a computerized (adaptive) testing is often focused on matching
the difficulty of the test material with the current ability of an examinee. Hence, with more accurate
estimates of one’s ability, the practitioners and educators can obtain better designs in the computerized
(adaptive) testing. In addition, teachers can better assign the learning materials for students to study
according to their respective capacities.

1.3. Recent developments for modeling response times in educational testing

To model the response time of an item, one way is to treat it as a causal factor for the accuracy of that
item (Roskam, 1997; Wang & Hanson, 2005). Another idea is to regard the response accuracy as a causal
factor for the response time (Gaviria, 2005). However, both ideas have been criticized since the response
time and accuracy of a test may not be directly related. Instead, the third way is to jointly model response
times and item responses in a hierarchical fashion.

There are two popular classes of joint modeling. One popular choice is Thissen’s (1983) model, i.e.,
taking the natural logarithm of response times and modeling as

logR; ;= p—vi+1+BL(6i—di) + (1.2)

where R; ; indicates the time used for answering the Ith question by the ith person, v; is the speediness
parameter, which takes account of the time that a person spends for infinitely easy set of problems, 7; is
the slowness intensity of a question, which dictates the time taken due to the nature of the problem, u
is the overall mean, (j; is the residual, 8 is a slope, and L(x) denotes a linear function mapping how the
distance of ability and item difficulty connects with response times.

For Equation (1.2), there are two popular choices for L(x), one is a monotone mapping (Gaviria,
2005; Thissen, 1983), reflecting the idea that the larger the distance between one’s ability and item
difficulty is, the more time one spends to finish a question; the other one is an inverted U-shaped
mapping, originating from the findings (Wang, 2006; Wang & Zhang, 2006) that examinees generally
spend more time on items that match their ability levels, while spend less time on items either too easy
or too hard. Besides, there are several papers using the inverted U-shape for regressing response times
in the analysis of personality and psychology tests (Ferrando & Lorenzo-Seva, 2007; Molenaar et al.,
2021; Ranger & Kuhn, 2012). Intuitively, the negative f3 in front of L(x) for either monotone or inverted
U-shaped mapping makes more sense in reality.

Another popular choice of joint models utilizes a hierarchical framework to conjointly model
response times and accuracy but without specifying any explicit relationship between them (Klein
Entink, 2009; Loeys et al., 2011; Van der Linden, 2007). Instead, they assigned joint multivariate normal
priors to link different parameters in the joint models. Recently, this type of joint model has been
extended to conjointly modeling with omission behavior (Ulitzsch et al., 2020) or paper-and-pencil tests
(Liu et al., 2022); to consider varying speed across dimensions of ability in the model (Zhan et al., 2021);
to incorporate a covariance structure to explain the local dependency between speed and accuracy
(Meng et al., 2015); and to adopt a hidden Markov structure to separate between-subjects ability and
speed variables from the within-subjects states variables (Molenaar et al., 2016).

However, all existing joint models are centered on a one-time exam for test takers without consider-
ing the time frequency feature of computerized testing. In this article, we aim to fill in this gap. Motivated
by EdSphere datasets, we propose a joint model of response times with response accuracy for testing
data collected at irregular and individual varying time points. Of course, our proposed joint model can
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easily be modified for use in the analysis of longitudinal data with a simpler structure than we discuss
here.

Furthermore, we have proposed two empirical methods to test which linkage function L(x) in the
joint models is more helpful in providing additional information to estimate ability. First, we propose
Lindley’s method (Lindley, 1965) to check whether the regression slope 3 in front of L(x) is significant or
not. Second, we develop a model selection method, called the partial DIC criterion, to compare different
L(x)’s in the joint model for modeling the relationships between the response time and the ability-
difficulty distance.

1.4. Preview

In Section 2, we put forward a new class of joint models for IRT models with response times,
called DIR and response time models (DIR-RT models). Because of the complexity of the model
considered, Bayesian inference and Markov chain Monte Carlo (MCMC) computational techniques
will be presented in Section 3. In Section 4, we validate the proposed Bayesian inference procedure via
some simulations and compare the performance of DIR-RT models with respect to DIR models. We
illustrate the application of DIR-RT models to EdSphere testbed datasets in Section 5, where we further
provide an empirical justification of goodness of fit among DIR-RT models with different choices of
L(x) in order to examine the better linkage to jointly model response times with IRT parameters. In
Section 6, we point out some significant psychological implications from the analysis of the EdSphere
dataset and discuss future research directions.

2. Joint models of dynamic item responses and response times

Clearly, modeling (1.1) and (1.2) jointly can maximize the information on inferring one’s ability 6; and
the item difficulty d;. Thus, we propose a two-level joint model. The first level has two sub-models
to concurrently model the observations of response time and response accuracy with certain shared
parameters, and the second level introduces a dynamic model to capture changes of latent traits over
time. Although our investigation begins with an extension of the one-parameter IRT, it would be
straightforward to generalize our proposed models to a two-parameter or three-parameter IRT model.

2.1. Firstlevel: The observation equations in DIR-RT models

Equations (1.1) and (1.2) are based on a one-time exam for each test taker. To consider a much complex
data structure in the computerized test (as in the EdSphere testbed), we first expand the labels of
notations. Let X; ; ; be the item response to indicate the correctness for the answer of the Ith item
in the sth test on the tth day given by the ith person, where i = 1,...,n (number of subjects); t=1,...,T;
(number of test dates); s = 1,...,S; ¢ (number of tests in a day); and I = 1,...,Kj s (number of items
in a test). Likewise, denote the difficulty of the Ith item as d, ; ; ;. It is ideal to record the time for each
examinee spending on a single item, however, in practice, more often the time spent on the entire exam
is merely stored for each individual (a case for reading comprehension tests in EdSphere datasets). Thus,
in our proposed models, the response time is defined at the test level, i.e., R; ;,s, implying the time spent
on the sth test for the ith individual on the tth day; whereas, our models can be easily revised to cope
with the response time stored for each item whenever such data are available.

The label extension illustrates two major features of computerized (adaptive) testing: 1) there are
few replications of items among different time, tests, and test takers and 2) the observations are
recorded at individually-varying and irregularly-spaced time points. In our study, only X; ;s and
Ri : s’s are observed. Usually, the response time is naturally bounded away from zero, and a logarithmic
transformation of R; ;s is taken to remove its skewness (Fox & Marianti, 2016; Liu et al., 2022; Van der
Linden et al., 2010).
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2.1.1. The observation equations of item responses

Often in a design of computerized tests, item difficulty, i.e., d; ; 5 1, is a randomized parameter, assumed
to be randomly selected from a bank of items with a certain ensemble mean. Thus, we model d; ; 5 ; =
Qi1,s + € 15,1 as a measurement error model with a; ; s being an ensemble mean difficulty of items in the
sthtest,and & ; . ; ~ N'(0,0”) with 0 known according to the test design. Here, ' (-,-) denotes a normal
distribution. Similarly, as Wang et al. (2013) did, we extend classic one-parameter IRT models as

Pr(Xis1=1]0:0,9i0Mt,s i) = F(0it— it s+ @it + Mitys +€i51), (2.1)

where 0; ; represents the ith person’s ability on day ¢, with the assumption that one’s ability is constant
over a given day; ¢;; and #; ;s take account of daily and test random effects, respectively, to explain
the possible local dependence of item responses. Further, assume ¢; ; ~ A(0,8; ") with its precision
unknown and different for each person. To make #; s, well separate from ¢; ; in inference, we denote
Mt = (Mit15- - Mis,, ) as the vector of test random effects on day ¢ for the individual i and let Is,, be
an S x S;,; identity matrix, then assume 7;, ~ N, (0,7, 'Is, , | Zfz‘l fi,t,s = 0). The reason for letting
#i,+ be a singular multivariate normal (by setting the sum of test random effects to be zero on a day )
is to remove any possibility of unidentifiability issues between daily and test random effects. Notice
that we use precision parameters instead of variance parameters for normal distributions as it is more
convenient to draw precision parameters in the MCMC. Here, we choose F(x) to be a logistic link in
the analysis as per the convention in the EdSphere platform.

2.1.2. The observation equations of response times

When working on a task, a subject has the choice to work faster or slower. However, when we work
faster, we often incline to make more unnoticeable mistakes. On the other hand, when one’ ability is
not comparable to the test taken, it always takes a longer time for him/her to finish the test. Thus, we
model the response time as below:

log(Ri,t,;s) = phi — Vi,e + PL(Oit — ait,s) + (it s- (2.2)

Equation (2.2) is an extension of Thissen’s model (Thissen, 1983) and its variations (Ferrando &
Lorenzo-Seva, 2007; Ranger & Kuhn, 2012). In Equation (2.2), y; reflects the average response time
for the ith respondent in general. v; ; implies the variation for the speed of the respondent i on the tth
day, with the negative sign indicating that the slower the speed is, the more time one needs to spend on
the exam. We further assume that the speed for an examinee will not change much during one day, thus
the index of the speed only varies according to individuals and days and v; ; ~ NV'(0,%; '), which has an
individual-specific precision parameter ; and zero mean (to ensure identifiability in the presence of y;).
In the third term, L(6; —a; s ) is mapping how the distance of 6; ; — a; ;s in relationship to the response
time; and f3 is a regression coefficient to adjust this relationship. Further, we assume the residual term
itysy ~ N(0,07") with g as a common precision parameter to borrow the strength of the information
across different tests and individuals. Although p varying across individuals may be an alternative, such
an assumption might cause unidentifiability issue with precision parameter x; when we encounter the
situation that an examinee only takes one test per day.

For L(-), there are two popular choices in the literature. One is L() = -, the monotone relationship
and the other is L(-) = |-|, the inverted U-shaped relationship. These two relationships represent two
different psychological behaviors of test takers during an exam as discussed in Section 1.2. As far as we
know, there is no formal statistical comparison of these two relationships in real examples of educational
tests. We aim to fill in this gap by developing statistical technique for such comparison and applying to
EdSphere datasets.
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2.2. Second level: System equations in the DIR-RT models

Following the idea of Wang et al. (2013), we combine both parametric growth models and Markov chain
models to capture one’s ability growth over time, that is,

61'7: = Bi,t—l + Ci(l —Pei,t—l)A:z + Wi t. (2.3)

The first term in Equation (2.3) denotes the ability at the previous time point, 6; ;—1. The second term
represents a parametric growth model with ¢; as the average growth rate of the ith person’s ability over
time; Af)rt = min{A;, Tmax } is the time lapse between two test dates for the ith individual (i.e., A; ;)
but truncated by a pre-specified maximum time interval Tmax (Tmax = 14 is used in the application,
reflecting typical holiday time for students in school); p is the parameter to control the rate of one’s
growth, which reduces the growth rate when the ability becomes mature. Note that p is known from
empirical experiments in EdSphere datasets (Swartz et al., 2016; Wang et al., 2013). In principle, p
should be individual-specific, but it is distinguishable from ¢; only when one’ ability level is reaching
maturation; our investigation of ability growth in the EdSphere data focuses on early age students,
so only the ¢; are made individual-specific. Lastly, w; ¢ ~ A'(0,¢~'A; ;) represents the uncertainty that
cannot be explained by the first two terms in Equation (2.3), where ¢ is a common unknown parameter
to help borrow information and avoid substantial risks of confounding in the likelihood between §;’s and
gb_l Aj s when the time lapses between tests are equally spaced for a student. The variance of w; ; presumes
that one’s ability changes become more uncertain, if he/she is absent for a long period. Moreover, we can
write Equation (2.3) as a first-order Markov process (see Step 2 of Appendix A.1), which is beneficial
for conducting MCMC later.

2.3. Asummary of DIR-RT models

To summarize, the proposed one-parameter DIR-RT model has two levels:

2nd level:  0;¢=0;¢-1+ci(1-p8ii1 )A,ft + Wit
Istlevel: Pr(Xiss1=1|06i1,Qi 01,5 it,5,€it,5.1)
_ eXp(Gi,t —Qit,s T Pit+Hitst Si,t,s,l)
1+ eXp(ei,t —Qit,s T Qi+ Hitst fi,t,s,l) ’
log(Ri,ts) = phi — Vi,e + PL(Oi ¢ — ait,s) + (it s,

where R; ;s and X;; s ; are observed; a; s, p, A:t’s, and A; /s are known and € ~ /\/'(0,02) with
known ¢°. Also, we have the assumptions ¢;; ~ N(0,8; "), #i¢ ~ N, (0,77 'Is,, | Zfz‘l Hies = 0),
wit ~ N(0,67 Air), G ~ N(0,07"), and vi; ~ N'(0,;"). Here, L(0;; — a;,5) can either monotone
relationship (60;;—a,s) or inverted U-shaped relationship |6; ; — i ¢ -

3. Statistical inference

In order to estimate the uncertainties of unknowns in such a complex model structure, we employ
Bayesian inference and MCMC computation in this section.

3.1. Prior distributions for the unknown parameters

Prior choice is crucial in any Bayesian analysis. In the absence of expert’s knowledge or historical
information, objective priors are used for the unknown parameters to avoid the large impacts of priors
on the inference but to have some good frequentist properties (Berger, 2006). Whenever scientific
knowledge is available, we instead want to incorporate the information into the prior specifications.
Following these rules, a natural choice for the prior of on€’s initial latent ability is 6; o ~ N ( e, VGJ.[ ),
where Ha, and Vg, are the mean and the variance of the subpopulation (j) to which an individual i
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belongs. Since ¢;’s in Equation (2.3) are the average growth rates (or the average learning rate in an
educational context), it is often assumed to be positive, thus we specify ¢; as 7(c¢;) o< Z(c; > 0), for all i,
where Z(+) is an indicator function. The speed «;’s and the random error g are the precision parameters
in the log-normal model for response times, we follow the suggestion of Sun et al. (2001), using
m(0) o< 1/0*%, for ¢ and for all i, 7(k;) o I/K?/2 for x;. In addition, for the prior choice of scale
parameters 6;’s, 7;’s, and ¢, we follow the discussion of Wang et al. (2013) and use 77(¢) o< 1/(/)3/2, 71(8;) o<
1/ 81.3/ ? and 7(7;) o< 1/ T?/ ? for all i. A natural objective prior for y;, the average response time of each
individual, is a constant prior, 7z(p;) o< 1, for alli. Similarly, assume the prior of 8 is 77(8) o< 1. Intuitively,
the regression coeflicient 8 in Equation (2.2) with a negative sign makes more sense though, we prefer
to let the data determine the value and the sign of 8.

3.2. Posterior distribution and data augmentation scheme

Equation (2.1) introduces a logit link for modeling the dichotomous item responses X; ; s ;, and accord-
ing to Andrews & Mallows (1974), the density of a standard logistic distribution can be represented
as a scale mixture of normals (Andrews & Mallows, 1974; Wang et al., 2013). Then, applying the
data augmentation idea, we can introduce a latent variable Y;, .; for each response variable X; ; .
Notice that in the data augmentation, Y; ,; ; ; follows a normal distribution with mean 8, ; —a; 1 s + @i ; +
Nit,s + € 1,51 and variance 4)/,% +.s,» Where y; ;¢ is a scale parameter assumed to have a Kolmogorov-
Smirnov (K-S) distribution (i.e., 7(y) = 8 252, (-1)“*Vayexp(-2a%y?), y > 0. Here, we use the fact
that the K-S mixture of normals will be the logistic distribution and we can verify that Pr(X; ;=1 |
0,1, i 1,5, Qi 1, i 1,5, €0 ,5,1) = PE(Yi £.6,0> 0165 1,0, 1,5, @i 1,7i, 1,5, i 1,5,1) - Though introducing more unknowns
Y; ¢ s 1’8, it facilitates the MCMC computation. Then, we can rewrite the one-parameter DIR-RT models
(2.1)-(2.3) as

0ie =011 +ci(1 _Pei,t—l)A:t + Wit
log(Ri,t,s) = pi = Vie + BL(Oie = ait,s) + Cies,
Yits 1= 91‘,: —QitstQit+Hitst fi,t,s,h

where & o1~ N(0,y; ) withy; = 4y12t 1 +0” and y; ;1 ~ K-S distribution, i, ~ N'(0,¢ 7' A 1),
0t ~ N(0,671), 7ie ~ N, (0,77 s, | S5 75 = 0), vie ~ N'(0,6571), and s ~ N(0,071).

Further, we define 0 = (61,...,60,)" with 6; = (0;0,6;1,...,0;1,)", c = (c1,...,cn)'s T= (71,-..,70)",
8=(81,--,00)"s u=(u,-. ,/4,,)' and x = (x1,...,6,)  Forl=1,....Kiss,s=1,....8 1 t=1,..., T}
and i =1,...,n, we have Y = {Y; .}, y = {y,tsl} and X = {X,tsl} ¢ = {(p,t} and v = {v,,}
logR = {logR, 61,1 = {Ni,e,s} and particularly, we use #;, = (#i1,1,- - .. 7i,5,,-1) - Then, given the data
(X,logR), the joint posterior of (6,Y,¢,7,1,9,8,¢,8,v,x,u,0,y) for the proposed DIR-RT models is

n(6,Y,c,7,1,9,0,8,8,v,k,1,0,y | X, logR)

«{ﬁ TI1 11 0n nz)}{1‘[n(ef,o>n<ci>n(6f>n(n)n(m)n(m)}n(ﬁ)n<¢>n<g)

i=1 t=1 s=1 [=1 i=1

n T; Siyt Kijts
x { [Z(Yi 461> 0)T(Xi 160 = 1)Z(Yi 151 <0)Z(Xi1,51=0)]

W;::’lexp(_wiyfys’l(Yi,t’s,l_9i7t‘;ﬂi7t7s_¢iﬁ_ni"’s)z) (11”5,,— i lts)}

H

-
Il

—
P

I

—
I
—

1

X
N
5 2 exp exp
il i=1 t=1
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n Ti 91' —0,‘ —-1—Ci 1— 0,‘ — A+ 2
AT P exp 96501 —ci(1—-pbi-1) A
o1 =1 V 2mAi 2A; ¢

n T; Sit 2
p i [0 0(log(Ri,z,s) — pi+ Vit = BL(6i — airr,s) )
<[111 EeXp(_ 2
=1 t=1 1

n T 2
: Ki KiVi t
><| | \/—exp|l-———, (3.1)
=1 1=1 V 270 ( 2 )

where 2} = 15,115, +Is, -1, with L, —1 beinga (S;; — 1)-dimensional unit vector. Note that (6;,0),
(i), (&), m(), n(xi), m(ui), n(B), m(¢), and 7(0) are the priors specified in Section 3.1 and
71(yis1) is the K-S density. To verify the posterior propriety of DIR-RT models under the objective
priors, we can follow the similar steps as Wang et al. (2013) did in the DIR models. The major difference
in the proof is that DIR-RT models contain an additional part, which is to conjointly model with
response times. Since the logarithm of response times is modeled as a normal linear mixed regression
model, then the well-established facts for the posterior propriety of normal linear mixed models in
Bayesian literature (cf. Sun et al., 2001) can be coupled with results from Appendix C in Wang et al.
(2013) to show the posterior propriety of DIR-RT models.

3.3. MCMC computation of DIR-RT models

The computation is carried out by the MCMC scheme, where we sample the posterior (3.1) via
block Gibbs sampling schemes. The difficulty of the sampling scheme arises in sampling the posterior
distribution of latent ability 6; = (6., ... ,0; 1,)’ for each individual i, fori = 1,...,n, where coordinates of
0; are typically high dimensional and strongly correlated. When L(x) = x, using the data augmentation
idea, the proposed model is transformed so that 6; (the vector) could be block sampled (see Step 2 of
Appendix A.1)—within a single Gibbs sampling step conditional on the other parameters (excluding
0i,/’s)—by the highly efficient forward filtering and backward sampling algorithm (West & Harrison,
1997). However, if L(x) = |x|, the computation becomes more challenging as 6; cannot be drawn as
a block. Instead, we utilize the fact that the full conditional distribution of each component of 6;,
i.e., 0i s, follows a mixture of truncated Gaussians, then 6; ;s are drawn one at a time (cf. Step 2 of
Appendix A.1).

The details of MCMC steps are given in Appendix A.1. The Gibbs sampling starts at Step 1 in
Appendix A.1, with initial values 6 =0, =0, ¢(0) =1, (p(o) =0, 11(0> =0,0 =1,7(0 =1, y(o) =1,
y(o) =1, v =0, and ﬁ(o) = 0 in the applications and simulations, then loops through Step 15 in
Appendix A.1, until the MCMC has converged. The convergence is evaluated informally by looking
at trace plots.

The statistical inferences are made straightforward from the MCMC samples. For example, an
estimate and 95% credible interval (CI) for the latent trajectory of one’s ability 0;; can be plotted
from the median, 2.5%, and 97.5% empirical quantiles of the corresponding MCMC realizations. In
examples, ability will be graphed as a function of ¢, so that the dynamic changes of an examinee are
apparent.

4. Simulation study

To validate the inference procedure and compare the benefits of jointly modeling response times with
item responses, we conduct some simulations. Due to space limitations and motivated by the analysis of
empirical data in Section 5, we only illustrate the results when L(x) follows an inverted U-shape linkage
in the joint model. Similar conclusions are yielded when we proceed with monotone linkage, thus we
omit the details here.
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Table 1. Values of unknowns used in the simulation

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10

Ci 0.0055 0.0065 0.0026 0.0037 0.0061 0.0047 0.0035 0.0043 0.0039 0.0015

6 2.0408 1.3333 1.8182 1.2346 1.5873 1 2.2222 1.0526 1.1494 2

T 4 3.1250 4.3478 2.7027 3.7037 2.8571 4 2.2222 9.0909 4.5455

Ki 2.3256 1.5873 1.6949 0.5495 1.2658 0.9346 1.3889 1.8182 2.7027 1.2195

Ui 1.6 1.47 1 1.92 1.45 173 1.5 1.35 0.81 1.23

4.1. DIR-RT models simulation

Following the simulation study of DIR models in Wang et al. (2013), we consider multiple individuals
taking a series of tests scheduled at individually-varying and irregularly-spaced time points. Assume
there are 10 individuals, each of them taking four tests on 50 different test dates, where each test contains
10 items. This specification means K; ; s =10, fors=1,...,Sir,t=1,...,T;,i=1,...,nwith S; ; =4, T; = 50,
and n = 10. The time lapse between two consecutive test dates A;; =t+10if ¢t < T;/2 and A;; =t — 10
otherwise, creating an irregularly spaced gap between two test dates.

To compare the results of DIR-RT models with DIR models, we assign same values of the parameters,
¢, 0i, Ti,c; as used in Wang et al. (2013), where ¢ = 1/0.02182, leading to standard deviation of w; ¢ in
Equation (2.3) being 0.0Z]SM and the values of §;, 7;, and ¢; are specified in Table 1. For the modeling
part of response times, the parameter values of «; and y; are listed in Table 1, § = -0.17 and p = 1.25.
The parameters of DIR-RT models are chosen in such a way that they mimic the magnitude of EdSphere
datasets.

We consider the inverted U-shape linkage, i.e., L(x) = |x|. Then, we simulate random effects and
latent variables in DIR-RT models using the assigned parameter values above. Once we generated the
values of 0;; using Equation (2.3), we set the test difficulties, a; s in Equation (2.1) to be 6;; + (*,
where (" is a random variable with uniform distribution on (-0.1,0.1). Next, the values of Ei 5,1 Are
drawn from A/ (0,6%) with ¢ = 0.7333 and we choose p = 0.1180. Notice that the values of ¢ and p are
the same values as used in the EdSphere platform. Finally, the dichotomous data of item responses and
continuous data of response times generated from the joint model are our observations, and we use the
Bayesian machinery from Section 3 to estimate the model parameters of DIR-RT models. To analyze
the simulation data, we utilize the priors for unknowns as specified in Section 3.1 except for f3, where
we use 77(f3) o< 1(f < 0) to make the MCMC computation converge faster.

The unknown parameters are estimated through the posterior median calculated from their corre-
sponding MCMC samples. Each MCMC was run for 50,000 iterations with a 25,000 burn-in period.
In nested or hierarchical models involving many precision parameters (;’s, 7i’s, ¥ ¢, 5,’s, ¢, and others),
a large number of burn-in iterations is often required to stabilize MCMC mixing. To run the MCMC
with 50,000 iterations, it takes about 15 hours and 22 minutes by using a 3.40-GHz processor with
16-GB RAM. The MCMC convergence is assessed through a graphical examination of trace plots and
through Geweke’s Diagnostics test statistics (Geweke, 1991). The absolute values of all parameters’
Geweke’s test statistics (in both simulation and application) are below 2, suggesting our MCMC chain
has been converged. Please refer to Sections land 3 of the Supplementary Material for more details
and additional information of auto-correlation of MCMC samples and the effective samples size are
also provided there. Figures la-d give posterior median estimates (red squares) along with 95% ClIs
(red bars) of ¢;s, T;l/ s, 6;1/ s, K;l/ 5, and ui’s, respectively, and illustrate their true values (black dot).
Clearly seen from Figure 1, the true values of parameters are contained within their corresponding
95% Cls. For the posterior median estimates of parameters gb_l/ 2 072, and B are 0.0190, 0.9075, and
—0.1815, respectively, with their corresponding 95% CIs being [0.0159,0.0229], [0.8753,0.9427], and
[-0.7028, —0.0071], all of which contain their truth.
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Note: The black dots represent truth, red squares are posterior median estimates, and red bars indicate 95% Cls.

Next, we discuss our primary interest of estimating latent ability trajectories. Figures 2a-d illustrate
four types of growth curves in our simulation, where (a) represents an individual with steady growth; (b)
indicates an individual with increasing growth but nearly flat region at the end; (c) shows an individual
with interrupted growth (with true ability drops in certain period); and (d) displays monotonic growth
with decreasing growth rate in the middle. In Figure 2, the true ability curves (black dots) have been
plotted along with our posterior median estimates of ability (blue circles) and their corresponding 95%
credible band (CB) (starred lines). Notice that in each subfigure, a very small proportion of true values
(less than 5%) are outside of 95% CBs.

To better assess how well the Bayesian model actually captures the truth, we can calculate the
frequency of true values falling in the corresponding CIs of MCMC runs over different random trials,
i.e., the frequentist coverage probability (CP) (Wang et al., 2013). Thus, to evaluate CPs, we conduct the
simulation with the same set-up values of parameters specified earlier but generate datasets with 100
different random seeds. The CPs for g, 3, and ¢ are 96%, 97%, and 87%, respectively, and the average CPs
over all individuals for «;’s, ¢;’s, 7;’s, 8;’s, and p;’s are 95.4%, 92.1%, 95.4%, 93.8%, and 95%, respectively
(refer to the CPs of these individual parameters in additional Table S.6 in the Supplementary Material).
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Figure 2. The latent trajectory of one’s ability growth, where black dots, blue circles, and starred lines represent true ability, the
posterior median estimates, and the 95% CBs, respectively.

In addition, the average CPs for one’s ability over the study period, i.e., for 1, . .., 010, are 94.88%, 94.90%,
95.08%, 95.62%, 95.40%, 95.54%, 95.50%, 96.22%, 95.78%, and 95.22%, respectively. Thus, while the
inferential method is Bayesian, it seems to yield sets that have good frequentist coverage.

4.2. Benefits of joint modeling response times with item responses

To the best of our knowledge, the two-level DIR-RT model is the first attempt to jointly model response
times and accuracy in the analysis of longitudinal data for latent traits. We are, thus, interested in
knowing the benefits of introducing response times as an extra source of information. An interesting
investigation is to compare the estimates of one’s ability trajectory relative to the truth with and without
using response times.

Figure 3 displays the growth curve of two selected individuals, where the statistical inference is based
on the simulated example in Section 4.1. For other individuals, results are similar and thus, their plots are
omitted due to space limitations. In Figures 3a,b, 95% CIs of DIR models (dashed red lines) encompass
95% CIs of DIR-RT models (starred blue lines), both 95% CIs contain the true values (black dots). The
average length of the 95% CB of ability estimates for DIR-RT models is much shorter than that of DIR
models (0.6454 versus 1.0370 for the 2nd individual; and 0.6772 versus 1.1401 for the 6th individual,
respectively). In addition, in Figure 3, both graphs of DIR-RT for ability estimates (blue circles) adhere
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Table 2. Characteristics of the first three students randomly sampled from the EdSphere data

Totaltests ~ Days  Max.tests/days  Rangeof items/test ~ Max.gap Initial grade
No.1 150 74 9 4-22 79 4
No.2 203 128 15 6-24 107 2
No.3 211 107 9 5-24 79 3

more closely to true ability (black dots) in relative to DIR ability estimates (red dots). The average mean-
squared distance between the truth and the posterior median ability estimates over time for DIR-RT
models are 0.0240 for 6, and 0.0187 for 86, in comparison to that of DIR models are 0.0711 for 6,, and
0.0653 for O, both of which are at least three times larger than DIR-RT models. To conclude, the results
of DIR-RT models illustrate that we can largely improve the precision and remarkably reduce the bias
of the estimates of one’s ability by incorporating response times.

5. EdSphere testbed application

For illustration purposes, we randomly select a sample of 25 individuals from the EdSphere testbed,
where different characteristics for each student are shown in Table 2. Due to space limitations, we only
show the details of the first three selected individuals. The primary focus of this application is to study
the following goals: 1) to assess the appropriateness of the local independence assumption for this type
of data; 2) to understand the growth in ability of students by retrospectively producing the estimated
growth trajectory for each student; and 3) to investigate which linkage between response times and the
distance of ability—difficulty is more suitable to model the behaviors and psychology for students in the
exam via empirical justifications.

5.1. DIR-RT models with inverted U-shape vs. monotone linkage

To the best of our knowledge, there has not been any empirical work to check the goodness of fit of the
two linkages (i.e., monotone or inverted U-shape) for which one indeed fits the data better in conjointly
modeling response times and item responses, especially when the testing data are collected at irregular
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Figure 4. The posterior summary of ability growth for the 10th individual in two linkages, where red circles, black plus, and blue dots
are posterior median estimates of the ability, raw score, and EdSphere estimates, respectively, and red dashed lines are 95% CBs of
our estimates.

and individual varying time points for a series of computerized (adaptive) testing. The lack of this
research motivates us to propose some statistical measures that can be used to conduct an empirical
study of EdSphere datasets to identify a better linkage and in this study, we still use the prior assigned
for unknowns in Section 3.1.

Figure 4 illustrates the ability trajectories using monotone (left) and inverted U-shape (right) linkages
side by side, where red dots present the posterior median trajectory of ability estimation, red dashed
lines correspond to their CBs and black plus points are the “raw score,” which is a rough estimate
of one’s ability obtained by solving the equation that the expectation of expected score for a person’s
ability is equivalent to the observed score (Stenner, 2022; Swartz et al., 2016). As a side for reference, we
also include the EdSphere estimates (blue dots), the estimates employed in the design of the EdSphere
learning platform, in Figure 4, which can be viewed as a preliminary version of DIR models without
considering local dependence. However, EdSphere estimates use the data only available to that date.
Thus, EdSphere estimates (blue dots) are much varying than ours in Figure 4.

In comparison of (a) and (b) in Figure 4, the estimates of ability growth are comparatively more
robust (in an underlying increasing trend) for the inverted U-shape than that for a monotone linkage.
This phenomenon is shown, for example, in the estimation of ability trajectory in Figure 4, during the
period of 350-500 days and 700-800 days, where the ability trajectory estimated by an inverted U-
shape linkage in the joint model is more reluctant to change its increasing trend unless there is strong
information from the data (noting raw scores (black plus) in Figure 4 can be regarded as the raw data
since they have the same scale as 8; ;). In the following, we have proposed two statistical methods to
rigorously compare the two linkages in fitting the joint model.

5.1.1. Comparison of two linkages using Lindley’s method

The regression slope 8 plays a key role in controlling the influence of the ability-difficulty distance
function L(+) to the response time. When 8 = 0, it implies the distance between ability and difficulty
does not affect the time an individual spends on a test and the corresponding linkage function L(-)
can be ignored. Thus, we are interested in testing Ho : 5 = 0 versus H; : 3 # 0. Lindley’s method (see
Lindley 1965, Section 5.6), advocated by authors including Zellner (1971), is an ad hoc way to test this
hypothesis. According to Lindley’s method, we reject the hypothesis of = 0 at the a level of significance
if the 100(1 — &) % highest posterior density interval does not include 0. The posterior density of f3 is
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in bell shapes (clearly seen from histograms in Figure 5). Thus, 100(1 — «)% highest posterior density
interval of 8 is the same as its 100(1 — )% CI, but the latter one is much easier to obtain from the MCMC
samples. From the table in Figure 5, it suggests 3 = 0 cannot be rejected at « = 1% for monotone linkage
since 99% CI of  under monotone linkage includes 0, while 8 = 0 is rejected at both & = 1% and a = 5%
for inverted U-shape. This indicates that the monotone linkage has a weaker correlation with response
times than the inverted U-shape linkage for EdSphere datasets.

5.1.2. Comparison of two linkages using deviance information criterion (DIC)

The hypothesis of 3 = 0 can also be viewed as a Bayesian model selection question and then, we
can employ DIC, one of the most popular model selection criteria in the Bayesian literature, for the
comparison. Let y denote the data and @ indicate parameters in the model. Define 7(® | y) as the
posterior distribution of ® and ® = E,,(e|y)[® | ] represents the posterior mean of ®. Then, Dev(®) =
—2logf (y| ®) is the deviance function for the likelihood f(y | ®). Following Spiegelhalter et al. (2002),
we have

DIC = Dev(®) + 2pp, (5.1)

where pp = E,(e},)[Dev(®) | y] - Dev[@] represents the effective number of model parameters. DIC
is a measure to trade off between model adequacy (Dev(®) part) and model complexity (pp part), and
thus the DIC can be used to compare the linkage choices in DIR-RT models. The smaller the DIC value
is, the better the model does fit the data.

There are many variants of DIC, such as conditional DIC and integrated DIC. Nevertheless, recent
studies have cautioned against the use of the conditional DIC, whose computation is based on the
likelihood conditioning on the latent variables and is sensitive to transformations of latent variables
and distributions (Millar, 2009). Zhang et al. (2019) also found that the conditional DIC often selects
a model that is more complex than the true model. Instead, the integrated DIC by marginalizing out
latent variables in the likelihood often performs better. Without doubt, the more the latent variables can
be integrated out, the more efficiency of DIC can be achieved. Several papers showed the integrated DIC
often had much smaller Monte Carlo errors compared to the conditional DICs (Celeux et al., 2006; Chan
& Grant, 2016; Merkle et al., 2019). But usually, the analytical expressions for the integrated likelihood
are hard to obtain and rather often, one resorts back to numerical integration, which is typically time-
consuming.

In the proposed DIR-RT models, when L(-) is a monotone linkage, DIR-RT models can be written
as a framework of dynamic linear models (see Step 2 of Appendix A.2) by introducing K-S random
variables (y;:s’s) in the data augmentation step. Then, following an analogy of Chan & Grant
(2016) for derivations of dynamic linear models, we can show that the integrated likelihood of DIR-
RT models under monotone linkage can be approximated by taking one-dimensional Monte Carlo
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integration over y; s drawn from the K-S prior distribution. However, when L(-) is an inverted
U-shape linkage, the simplification of the integrated likelihood of DIR-RT models becomes much
harder since given y; ; ; ’s, the DIR-RT models cannot be written as dynamic linear models. Thus, to
evaluate the integrated likelihood under an inverted U-shape becomes much more computationally
intensive.

However, conditioning on ability 0; /s, the modeling of response times part and item response part
in DIR-RT models are independent. Thus, no matter what the linkage is chosen, Equations (2.1) and
(2.3) of the DIR-RT models are the same under different linkages. Then, motivated by the partial DIC
idea of Yao et al. (2015) in meta-analysis, an alternative to integrated DIC for our joint DIR-RT models
is to consider the integrated DIC based on the part of response times only. Based on this partial DIC
derived (see details in Appendix B), the inverted U-shape linkage turns out to fit the EdSphere data
better, where the partial DIC for the inverted U-shape is 5661.4 in comparison to that of the monotone
linkage, which is 5775.3.

5.2. Retrospective estimation of ability growth under inverted U-shaped linkage

Both Lindley’s method and partial DIC criterion support the choice of an inverted U-shape linkage
for the analysis of EdSphere data using DIR-RT models. Therefore, to investigate the first two goals
mentioned in the beginning of Section 5, we are going to use an inverted U-shape throughout the
rest of the article. After we run MCMC for the EdSphere datasets using the inverted U-shape, we
have conducted a posterior predictive check (Gelman et al., 1996) using a mean test statistic for the
response time and its p-value is 0.4978, which shows the inverted U-shape indeed fit the response
time well.

Figure 6 presents a retrospective analysis of the reading ability for 3rd, 12th, 18th, and 23rd
individuals (using all data recorded for each individual during the study period). In Figure 6, the red
circles are the posterior median estimates of one’s ability, the red dashed lines correspond to the 2.5%
and 97.5% quantiles of the posterior distributions of the abilities, and the black plus points are raw
scores. Similar to Wang et al. (2013), we find all these growth trajectories have an overall increasing
trend but such kind of growth can be interrupted. In particular, when there is a large time gap between
subsequent tests, the ability appears to drop for some individuals, which is clearly seen from Figure 6.
A natural explanation might be that during vacations, students do not read and could actually lose ability
or they become less familiar with computerized tests after a long break.

In Figure 7, we summarize the posterior median (red square) and 95% CI (red bars at two ends)

of the average growth rates ¢;’s, the standard deviations of test random effects ‘ri_l/ %%, the standard

deviations of the daily random effects 81._1/ %5, the standard deviations of speediness, Ki_l/ %5, and the
average response time for each individual, y;, for i = 1,...,25. Moreover, the estimated posterior median
of ¢_1/2 is 0.0708 and its 95% CI is [0.0608,0.0831] and the result of 8 is summarized in the table
of Figure 5.

Figures 7b,c show that the standard deviations of test and daily random effects (i.e., #i+s’s and
@i,¢’'s) are almost all quite large with 95% ClIs that are well separated from zero except 22nd and 23rd
individuals. Recall that these random effects were included in the model to account for a possible lack of
thelocal independence; the evidence is thus strong that the local independence is, indeed, not tenable for
this data and that both types of random effects are presented for most individuals. Similarly, Figure 7d
illustrates that speediness of individuals is different on the daily basis except that of the 22nd individual
(whose speed is almost steady during the studying period). Moreover, there are clearly some patterns
in the variation of speediness across individuals; as for some of them, the difference of their speediness
on a daily basis is more crucial than that of the others. The differentiation of the average response time
in Figure 7e suggests that some individuals incline to take a longer time to finish a test than others no
matter what the difficulty level of the test is. As well, it is not surprising the average growth rates are
quite different among individuals, as shown in Figure 7a.

https://doi.org/10.1017/psy.2025.10019 Published online by Cambridge University Press


https://doi.org/10.1017/psy.2025.10019

16 Wang et al.

The trajectory of latent ability
T T

The trajectory of latent ability
T T T

T " T T T
+
+
4 2r ty + o+ + 7
~ + + +
+ N
/ P I
+ 4T & + + - - -
- S . 4
S ’ + ¥+ C i
T . . . 00 4o .
Yo A P ~ + B T+ o .
= + ] oo -
+ L .7 Sy 4
-~ i - + o N
P P o © STm - L A
+ o oS o Te- s )
AT h
+ E R ]
+ EE
+
+ £+ 4
+  Raw Score + ++ +  Raw Score
N EdSphere Est 1 ++ EdSphere Est
O Restrospective Est =Sr ++ + O Restrospective Est
— =~ 95% Credible Band * —— - 95% Credible Band
I N T 6 | t I I I I I
300 400 500 600 [ 100 200 300 400 500 600 700 800
T T
(a) 3rd (b) 12th
The trajectory of latent ability The trajectory of latent ability
4 T T T 5 T T T T
+
E
+ 4l 4+t 7 i
+
2 + * 7 *
PR 3 N q
-7 +
+
J : + I
or + . o 4 2F Y ++ + ¥ AR NI
+ . ot e + * - o
=, = . 2 VY
P o 1H e §D+//+#‘*a
é&@éo * -7 - il o f ff/ *
1, — PR ¢
o ¢ ol - . |
- + +
. Y 3
- + &
N , -1 ,ﬁ& : B
b %
Y b ¥ —2@? 1
o HHE L * +  RawScore +  RawScore
s + * EdSphere Est A + EdSphere Est |
. ©  Restrospective Est : O Restrospective Est
~ - 95%Credible Band e — =~ 95% Credible Band
_8 I I I I . 4 I I I I I I I I I
0 200 400 600 800 1000 1200 [ 100 200 300 400 500 600 700 800 900 1000
T T
(c) 18th (d) 23th

Figure 6. The posterior summary of the ability growth for 65, 61, 615, and 653, where red circles, black plus, and blue dots are posterior
median estimates of the ability, raw score, and EdSphere estimates, respectively, and red dashed lines represent 95% CBs of our
estimates.

6. Conclusions and discussion of future work

Our proposed DIR-RT models can jointly model the observations of response times and item responses
through sharing ability parameters and can accommodate the complex longitudinal data observed at
individually-varying and irregularly-spaced time points. Of course, by simplifying the indices of DIR-
RT models, they can also be applied to longitudinal data with a simpler structure, such as when the
observations of each participant are equally spaced and examinees are given the same repeated tests
over the study period. Thus, according to the structure of the longitudinal data, the practitioners can
flexibly employ DIR-RT models at their discretion.

From our simulation study, we have noticed that the incorporation of response time into the item
response model in the analysis of longitudinal data has both significantly improved the precision and
reduced the bias for the ability estimation. As is known, the enhancement of ability accuracy is vital in
the design of computerized (adaptive) testing. For example, the tests provided in the EdSphere learning
platform are tailored to the current ability estimation of examinees. With more accurate estimates of
ability (in the sense of less bias and higher precision), the assigned tests in the EdSphere platform will
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Figure 7. The posterior summary of c, rl.’l/z ’s, 8[.’1/2’5, x[.’l/z’s, and y;’s.

better match the students’ ability and further, it enables teachers to better assist students based on their
respective capacities.

Using the proposed DIR-RT models to analyze EdSphere datasets, it further supports the findings
in Wang et al. (2013). For example, the evidence of violation of the local independence assumption is
generally strong in DIR-RT models, and the use of test and daily random effects to model the local
dependence seems to be necessary and successful; and the retrospective analysis of ability estimation
is useful in understanding population behavior, such as the frequently observed drops in ability after a
long vocation in testing.

More importantly, our analysis is the first empirical study in testing to evaluate the choice of linkage
function to describe the relationship between the ability-difficulty and response time in a joint model
for longitudinal data. The empirical result favors the inverted U-shape linkage, which is quite significant
and meaningful, since it supports that in a series of computerized (adaptive) tests, students intend to
spend more time on tests that match their ability levels and to spend less time on those either too easy
or too hard. Our discovery using the EdSphere dataset is consistent with the theoretical findings of
Wang (2006). Further, the partial DIC criterion is a new model assessment method, which makes the
comparison feasible to different linkage functions in the analysis of complex longitudinal data for the
proposed DIR-RT model.

Many extensions of current DIR-RT models are possible, such as aforementioned extensions to two-
parameter and three-parameter DIR-RT models or including a dynamic structure on the speediness
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parameter which can conjointly model with one’s latent ability. Additionally, investigating any undesired
or unplanned dependencies in the response time data—beyond the substantively meaningful latent
factors, especially those with dynamic structures—represents another interesting research direction
with significant practical implications. Moreover, Figure 7 clearly illustrates some patterns among
individuals for the average growth rate ¢;’s, the variation of speediness «;’s, and the average response
time y;’s. In the next step, we can use either model-based or distance-based clustering methods to
analyze the psychological behaviors of students reflected in the patterns shown in Figure 7. Since the
MCMC computation of DIR-RT models is time-consuming, we limit our application to a small sample
of EdSphere datasets. We plan to develop parallel computing schemes to improve the computation
efficiency and then, we can conveniently apply our approach to the entire dataset.

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.1017/psy.
2025.10019.
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A. Appendix: Posterior sampling schemes

A.l

We proceed with the MCMC steps by the Gibbs sampler, where we first derive the full conditional posteriors of each unknown
parameter.

Step 1: Sampling Y: Truncated normal distribution sampling
Given 6, ¢, 1, , and X, the latent variables {Y; 5 ;} are sampled from

1 .

Vi1 ~ Ne (Ot = aies + @i +ieso¥in ) i Xirs1=1,
1 )

Vi1 ~ N (Ot =ity + @it + ieo¥ip o) i Xirs1=0

where N} (+,-) means the normal distribution truncated at the left by zero, while N_ (-,-) is the normal distribution truncated
at the right by zero.

Step 2: Sampling 6: Depending on the Choice of L(-)

Step 2.1: L(-) = -, Forward Filtering and Backward Sampling (FFBS).

Define di, = 0~ p~', gyt = 1= CipA s Zist 61 = Yity5,1%+ Giytys = @i = ity s —p~ > and Hiy e s = log(Riye,s) = pti + viye + B(@iye, s~
p~1), then the (conditional) one-parameter DIR-RT model will fit the framework of dynamic linear model (West & Harrison,

1997), i.e.,
System Equation: Ai; = gi Ai -1 + Wi s, (A1)
Observation Equation: Z; ;=i +& 1,51, (A.2)
Hits=Phie+ s, (A3)

where wi , ~ N(0,¢7 Ay 1), & ¢, ~ N (0,497, +0%), and (i1, s ~ N'(0,07"). Denote information available on the tth day as
t
Fir= {gi,ey¢:ﬁ71//i,e,l,17~'~av/i,e,sw,yKi,e,ShgzQvHi,e,I:~~~7Hi,e,S, oZive, 155 Zise,S K5, ﬂ}

e=1"

The FFBS algorithm can be implemented to block update each A; = (4;0,...,Ai,1,)":

1. (Forward Filtering) For ¢ > 1, it is not hard to show that [A;; | Fi¢] ~ N (pis, Viye), with pi; = V,;t(R;tld,"[ +

ZS' 1 Z, N i S’IWi,tysyﬁgﬁzss;'lH, f 5) and Vi, = (RI . +Z$' 12 'l’ ‘Wi 151+ 0BS;, ,) 1. Notice that when ¢ = 0, A;,0
follows /\/—(‘14,',0, V,'7o) with Hi0 = pG, — ~!and V,',g = V(,/.

2. (Backward Sampling) Save all quantities of pi ¢ and Vi . Then, draw A; 1, from N (pi, 1, Vi,1,). When ¢t = (T; - 1) to
0, with some algebra, we can see A; ; will be drawn from [Ai ¢ | Ai r41,Fi¢ ] ~ N (hi,e,mi ), where hi ¢ = m;, t(V,t Wiyt +

—1y-1
¢gi, r+1A, o die+1) and m; = (‘P& 410, Peal +Vi )T

Thus, for t = . Ti, set 0y = Aiy +p~" and 6; is sampled as a whole by noticing the identity Pr(6; | F; 1,) = Pr(6;,1, |
]:z,T,)Pr(ex,T,—l | ex,Tn}-z,T—l)---Pr(ei,O [ 6i,1,Fi0)-

https://doi.org/10.1017/psy.2025.10019 Published online by Cambridge University Press


https://doi.org/10.1017/psy.2025.10019

Psychometrika 21

Step 2.2: L(+) =|-|, Conditional mixture of truncated normal distribution
Consider ¢, ¢, Y, ¢, 11, y, 4, v, 0, and B are given. Similarly, the (conditional) one-parameter DIR-RT model fits the
framework of state-space models as shown in Equation (A.1), Equation (A.2) and with Equation (A.3) becomes

Hz t,s =ﬁ|/1i7f _Qi,t,s| + Ci,hsv

where gi t,s = ai,t,s—p~ Land H;

1,5 = 108(Rir,s) — pi + vi,e. Then, a Gibbs algorithm to sample Ai,o, ..., A7, is designed below.
Let M denote the number of MCMC iterations. After some mathematical derivations, for t = 1,...,T;— 1, )L,.(I[W) is drawn
from a mixture of truncated normal distribution, i.e.,
M M) ,(M-1
A( )~ Pr(/\, t |/11(t )17)L1(t+1 ) Fiy )’

Sit .
where Pr(die | AG2 AT Fin) = S0 00 N, ] (i Rie) With giio = =00, girs,,+1 = 00, ir,s defined

of fits —dit,s iy iyt s+1 =it s

Rt (M-1 itys
s Pits = Sit 9iyt, s~y m\/:—d, s YY) and Mmiy = ¢Az + &i, t/\z -1t ¢Az 1418, H'l/\z t+1 ) + Z Z:I 1: Yi,t,s, 1Zi Sl T
SR
Siv . Sivt g
stzlﬁz%‘,t,s’ dits = Ri (m, t+0ﬁ( oH; i Zj:s Hi,t,j))v s= -»Sit, Hito =0, and Riy = (¢Az ¢ ¢A1 t+1gx t+1

+ Z:’:‘l Z;i’l“s Vit 1+ 0B S,-J) . The formula is almost the same for samphng Ai, 1, with only deleting the terms involving
the index of £ + 1 in m; ; and R;; and similarly, we delete the terms involving the index of ¢ — 1 in m;; and R; ; for A; 9. At the
end, set 0;; = Ai s +p_1, fort=1,...,T;.

Step 3: Sampling c: Truncated normal distribution sampling

When 6 and ¢ are given, the full conditional distribution of ¢; is a truncated normal distribution

N (ZtTil(l_Pgl}t—l)(gi,t 0;,1— 1)A:rtAft 1 )
¢ ~N;+ .
ZQl(A:t(I*PQi,r—l))ZAi,[ ¢ZQ1(A:1(1*P91‘,:—1))2A;}

Step 4: Sampling 7: Multivariate normal distribution sampling
Provided 0, ¢, 7, Y, and y are given, if S;; = 1, #i,1,5, , = 0, while if S; > 1, then

* T -1 —IN—1 AT =1 T -1 —1y-1
it NN’SL,rl ((A[,tzw,‘,Aiaf +Ti2i,t) Ai,tzq/,’,Yi,t?(Ai,tZ\l/,ﬁ,Aiaf +Ti2i,t) ) )
. L o o . PR . ' .
is the multivariate normal distribution, where Y; , = (Yi’ T t,s,,!) withY;, .= (Yitys,1=Histys s Yitysx,,  —Hir,s) and

S i —1 4
— -1 _ 3; 7 _ iyt 7 . .
Bijts = 0i0 =i+ @iy Ty,] = diag (Wi 1,1, Wi, K, , ) )5 Aie = (@Fl L o Tk, ,x(s‘,l—l)) » @ is a direct sum

R . . S;i-1
and diag implies a diagonal matrix. Set 7;,1,s,, = = 2.°)  #i,t,s-

Step 5: Sampling 7: Gamma distribution sampling
Let Ga(a,b) denote the gamma distribution with shape parameter a and rate parameter b. Given 7, the full conditional
distribution of 7; is the gamma distribution

; T, 1+
(Z?ISM—(T,-+1) Zt:l"]zt zt1’7xt)
1, ~Ga .

)

2 2

Step 6: Sampling ¢: Normal distribution sampling
Given 6, 1, Y, and y, the full conditional distribution of ¢; ; is the normal distribution

Sit K

® N(zsli 0w r,s,I(Yi 5,0 = Ot + it s — Tit,s) 1

it ™ < ’ S K, .
D Zl“ Yits,1+0i Yl X Wit 1+ 0

Step 7: Sampling 6: Gamma distribution sampling
When ¢ is given, the full conditional distribution of §; is the gamma distribution

1Zt1¢,t
&~ ga( 3 > )

Step 8: Sampling ¢: Gamma distribution sampling
When 6, ¢ are given, the full conditional distribution of ¢ is the gamma distribution

¢Nga(2?=1Ti—1 S AT (B~ 81— ci(1 - pBi 1 ) AT [)2)

)

2 2
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Step 9: Sampling y: Metropolis-Hastings (MH) sampling

Given Y, 6, ¢, and #, the full conditional distribution of y; ;  ; is not in a closed form. Thus, we resort to an MH scheme to
sample this distribution. A suitable proposal for sample y is K-S distribution itself. We first sample y from the K-S distribution
and then let

M -
Yistys,1 =

218y

(M-1)

V1.1 » otherwise
s,

on {y‘, with probability min(1,LR)

where, given Y, 6, ¢, and 7,

M-1
LR= o’ +4(yi(,ns,1))2 _ (Yins1 =00+ Gits = @it =1 1,6)°
o2 +4(y)? 2
1 1
2+4(y')? g2 +a(y D)2

Step 10: Sampling y: Normal distribution
Given p, v, 6, f, the full conditional distribution of y; is the normal distribution:

oo Zr Zt (08 (Rer) + v = BL(Ou a0 )] 1
i ’ .
Z[T;ISM QZtT;lSi,t

Step 11: Sampling v: Normal distribution
Given o, y, 6, f3, the full conditional distribution of v; ; is the normal distribution:

Vi NN(Zf:l_g[log(Ri,t,s)_Hi_ﬂL(ei,l_ai,t,s)] 1 )

b
0Si,t + ki 0Sit +K;

Step 12: Sampling p: Gamma distribution
Given y, v, 0, f3, the full conditional distribution of g is the gamma distribution:

St
o~ ga( 1 Z:tTil Sii—1 ¥, ZtT;I Yoot [og(Riye,s) — pi+ viye — BL(6:,¢ *ai,f,S)]z )
2 ’ 2 ’

Step 13: Sampling x: Gamma distribution
Given v, the full conditional distribution of «; is the gamma distribution:

T, .2
Ti—-1 Z;V,‘
K,»~ga( ’”v‘).

2 2

Step 15: Sampling f3: Normal distribution
Given p, v, y, and 6 the full conditional distribution of f is

Sit
8 ./\/'( Py 0 B L8~ air,s) [log(Riyt,s) =g+ vie] 1 )
T St ’ T, Sit !
?:1 Zrzl 25:1 (Gi,t _ai,t,s)2 QZ?:l Z[:l 25:1 (Gi,t - ai,t,s)z
If we have the prior for  being positive, then § is drawn from the same normal distribution above but just truncated by zero

on the left.

B. Appendix: Formula to compute partial DIC in DIR-RT models

In this section, we derive the formula of partial DIC discussed in Section 5.1. Let ® = vec(g,«,3,ut) define the vectorized
parameters and R:t = (logRi i1, logR,',,,slyr)’ and pi,r = (pi + BL(Oit — aii1),- - - pi + BL(O; e — a,-yt,gw))’. Then, for any

i=1,...,nand t=1,...,Tj, we have R:t iid/\/'s,,, (i,+,Q,+ ), where ind indicates independent and Q; ; = ;! lsml" Lt Q’IISM.
The partial likelihood of DIR-RT models based only on response times is £(® | R*,0,L(-)) = TT%, HtT;lf(R:t | ©,6,L(-)),
where f(RY, | ®,6,L(-)) follows a multivariate normal probability density and R = {R; .} According to (5.1), the partial DIC
of the response times part in DIR-RT models is

DICp =2E,(ejz+,0)Q(®,R*,L(-)) - Q(O,R*,L()), (B.1)
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with Q(®,R*,L(-)) = -2log L(® | R*,0,L(-)), n(® | R*,0) as the posterior distribution of Equation (2.2) given 6 is known and
@ is the posterior median estimates of 7(® | R*, ). Using standard results on linear algebra, we have |Q; ;| = 0= (1+ g% ),

2
— __o ’
O, = ols,, Fros, L5, 1g . and hence,

~210g L(® | R*,0,L(-)) = > D L(R}, —phiyt)' Qf 1 (R =iy o) +10g| Qo + (i, elog2m) ]
i t

(R}, — i) '1s,, 17
= R —ui ) (RF, —pi ) -2 > — 2L 12 n
@;( T i) (Y —pie) -0 Z[ oS,

+10g(2;n)Zsi,t+Zlog(Kj"’QSj’t)*Zleong. (B.2)
it it i
Given 0 as the posterior median estimates from DIR-RT models, then, employing the expression (B.2) and the MCMC samples
drawn from 7(® | R*,0), we can easily calculate DICp in (B.1).

To further study on the sensitivity of the estimation of on€’s ability 6 in the determination of the linkage, we generate DIR-
RT datasets by using the same set-up as shown in Table 1 with o = 1.25 and ¢ = 1/0.0218? but with different linkage functions.
Also, we vary random seeds to generate 10 different datasets under the same settings for two different linkage functions,
respectively. We compare the values of 0; equal to 1) the posterior median estimates from DIR-RT models; 2) the truth; and
3) zero. We found that the misclassification rates for the DICp over 1) and 2) are the same for 10 random trials (< 10%), but
have much higher misclassification rates when we pick up an extreme wrong values, i.e., zero vector for 6;. Thus, in general,
with well-estimated 6;, the proposed DICp should work well if the response time is assumed to be independent of the item
response when given one’s ability.
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