
fpsyg-11-575141 November 26, 2020 Time: 20:46 # 1

ORIGINAL RESEARCH
published: 02 December 2020

doi: 10.3389/fpsyg.2020.575141

Edited by:
Peida Zhan,

Zhejiang Normal University, China

Reviewed by:
Wenyi Wang,

Jiangxi Normal University, China
Chen-Wei Liu,

National Taiwan Normal University,
Taiwan

*Correspondence:
Xiaojian Sun

sun.xiaojian@outlook.com
Tao Xin

xintao@bnu.edu.cn

Specialty section:
This article was submitted to

Quantitative Psychology
and Measurement,

a section of the journal
Frontiers in Psychology

Received: 22 June 2020
Accepted: 04 November 2020
Published: 02 December 2020

Citation:
Sun X, Liu Y, Xin T and Song N

(2020) The Impact of Item Calibration
Error on Variable-Length Cognitive
Diagnostic Computerized Adaptive

Testing. Front. Psychol. 11:575141.
doi: 10.3389/fpsyg.2020.575141

The Impact of Item Calibration Error
on Variable-Length Cognitive
Diagnostic Computerized Adaptive
Testing
Xiaojian Sun1,2* , Yanlou Liu3, Tao Xin4* and Naiqing Song1,2

1 School of Mathematics and Statistics, Southwest University, Chongqing, China, 2 Southwest University Branch,
Collaborative Innovation Center of Assessment for Basic Education Quality, Chongqing, China, 3 China Academy of Big Data
for Education, Qufu Normal University, Qufu, China, 4 Collaborative Innovation Center of Assessment for Basic Education
Quality, Beijing Normal University, Beijing, China

Calibration errors are inevitable and should not be ignored during the estimation of item
parameters. Items with calibration error can affect the measurement results of tests.
One of the purposes of the current study is to investigate the impacts of the calibration
errors during the estimation of item parameters on the measurement accuracy, average
test length, and test efficiency for variable-length cognitive diagnostic computerized
adaptive testing. The other purpose is to examine the methods for reducing the adverse
effects of calibration errors. Simulation results show that (1) calibration error has negative
effect on the measurement accuracy for the deterministic input, noisy “and” gate (DINA)
model, and the reduced reparameterized unified model; (2) the average test lengths is
shorter, and the test efficiency is overestimated for items with calibration errors; (3) the
compensatory reparameterized unified model (CRUM) is less affected by the calibration
errors, and the classification accuracy, average test length, and test efficiency are slightly
stable in the CRUM framework; (4) methods such as improving the quality of items,
using large calibration sample to calibrate the parameters of items, as well as using
cross-validation method can reduce the adverse effects of calibration errors on CD-CAT.

Keywords: variable-length cognitive diagnostic computerized adaptive testing, calibration errors, classification
accuracy, test efficiency, cognitive diagnosis assessment

INTRODUCTION

Cognitive diagnostic assessment (CDA) has attracted lots of attention because of its advantage
that can provide the strengths and weaknesses of examinees for specific content domains rather
than just provide an overall score to indicate the position of one examinee relative to others
(Leighton and Gierl, 2007). One of the research areas of CDA is cognitive diagnostic computerized
adaptive testing (CD-CAT; Cheng, 2009). Compared with paper-and-pencil (P&P) test, CD-CAT
can generate suitable tests that match examinees’ latent attribute profiles to produce similar even
higher measurement accuracy (Chen et al., 2012; Mao and Xin, 2013; Chang, 2015). Meanwhile, the
generated tests have lesser items than the P&P test (Weiss, 1982).

The CD-CAT system has some important components such as item bank, item selection method,
psychometric model, and terminal rule, among which item selection method is the key element
(Chang, 2015), whereas the item bank is the fundamental factor. A large number of items should
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be included in the item bank to make sure that all possible latent
attribute profiles can be covered. Before the implementation
of CD-CAT, the parameters of items should be calibrated;
a commonly adopted method is using a limited number of
examinees to calibrate these items (Doebler, 2012; van der
Linden and Glas, 2000). For now, most studies treated the
calibrated parameters of items as their true values, and items
were chosen based on their calibrated parameters (Patton et al.,
2013). However, studies showed that using a small number of
examinees to calibrate items would produce large calibration
errors (Şahin and Weiss, 2015). In other words, the estimated
parameters of items in the item bank are different from their
optimal parameters because of the existence of calibration errors.
Researchers have demonstrated that the estimation of examinees’
latent traits would be biased systematically if the calibration
errors of items are ignored both in item response theory (IRT)–
based CAT and CD-CAT (e.g., Doebler, 2012; Patton et al., 2013;
Cheng et al., 2015; Huang, 2018).

Patton et al. (2013) examined the impacts of capitalization
on chance on classification accuracy, recovery of ability, and
test length in IRT-based variable-length CAT. Results showed
that test information would be spuriously overestimated when
the calibration sample size is small. In addition, the average
test length (ATL) for small calibration sample size was shorter
than for large calibration sample size, which indicated that small
calibration sample size caused the tests to terminate prematurely
(Patton et al., 2013). Huang (2018) investigated the influences
of calibration errors on the attribute classification accuracy and
measurement precision of attribute mastery classification by
using three simulation studies in the context of fixed-length CD-
CAT. The author found that calibration errors had negative effect
on the classification accuracy and test information when the
Deterministic Input Noisy Output “and” Gate (DINA; Junker
and Sijtsma, 2001) model was used, while the effect was small
for the compensatory reparameterized unified model (CRUM;
Templin, unpublished) because of its additive characteristics. In
addition, the author also found that using high-quality items,
larger sample size, or increasing test length could mitigate the
risks of calibration error and increase the measurement accuracy
(Huang, 2018).

Although studies conducted by Patton et al. (2013) and Huang
(2018) have examined the effects of standard error (SE) on the
measurement accuracy and test efficiency for IRT-based variable-
length CAT and fixed-length CD-CAT, respectively, the effect
of SE on variable-length CD-CAT is still unclear. Compared
with fixed-length CD-CAT, the posterior probability of attribute
profile was commonly used as the termination rule in variable-
length CD-CAT, which became more complicated because the
estimation of posterior probability mainly depended on the
parameters of items, and the measurement accuracy of attribute
profile was strongly related to the posterior probability (Hsu et al.,
2013; Hsu and Wang, 2015). The measurement accuracy would
be misleadingly estimated due to inaccurate estimates of the
posterior probability. For instance, the tests would be terminated
prematurely if the spuriously high posterior probability was
obtained, as in IRT-based CAT (Huang, 2018). Meanwhile,
differed from IRT-based variable-length CAT, which used the

conditional SE of ability as the termination rule, the variable-
length CD-CAT could not use the SE of attribute profile as the
termination rule directly because of the non-computability of
the SE. Therefore, the purpose of this study is to investigate the
impact of the SE of parameter calibration on the measurement of
variable-length CD-CAT.

The rest of the article is organized as follows. First, three kinds
of CDMs, which are the DINA model, reduced reparameterized
unified model (RRUM; Hartz, 2002), and CRUM, are introduced
briefly. Second, an item selection method used in the current
study is described. Third, a simulation study is conducted to
examine the performance of variable-length CD-CAT under
different levels of calibration error. Lastly, discussions and
conclusions are provided.

INTRODUCTION OF CDMS

The DINA Model
The DINA model is commonly adopted in CD-CAT framework
because of its simplicity (Cheng, 2009; Chen et al., 2012; Mao and
Xin, 2013). The model contains two item parameters, which are
the guessing and slipping parameters, and can be written as

P
(
Yij = 1|ηij

)
=
(
1− sj

)ηij g
1−ηij
j ,

where ηij =
∏K

k=1 (αik)
qjk is the ideal response, which is equal to

1 if the ith examinee masters all attributes that item j required,
and is equal to 0 if at least one of the required attributes of item
j is missing; K is the number of attributes; αik is the mastery
or deficiency of the kth attribute for the ith examinee; qjk is the
element of the Q-matrix; gj and sj are the guessing and slipping
parameters for item j, respectively.

The DINA model tends to classify examinees into two classes
for each item. Specifically, some are those who master all
attributes, and others are those who lack of at least one attribute
that the item requires, respectively.

The RRUM
Compared with the DINA model, the RRUM can classify
examinees into more than two classes for each item by using
different probabilities for different attribute profiles. The RRUM
has also attracted considerable attention in CD-CAT in recent
years (e.g., Dai et al., 2016; Huebner et al., 2018; Wang et al., 2020)
and can be expressed as

P
(
Yij = 1|αi

)
= πj ∗

K∏
k=1

r
∗(1−αik)qjk
jk ,

where π∗j , the baseline parameter, refers to the probability of
correct response to item j when individuals have mastered all
attributes that the item requires; r∗jk, the penalty parameter,
denotes the reduction in the probability of correct response to
item j when an individual lacks attribute k. Both π∗j and r∗jk
range from 0 to 1.
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The CRUM
Both of the DINA model and the RRUM are non-compensatory
CDMs; the CRUM, on the contrary, is the compensatory model.
The probability of correctly answering an item is defined as
the addition of intercept and main effect of attributes that the
item requires by using the logit as the link function (Templin,
unpublished). The item response function of the CRUM can be
written as

P
(
Yij = 1|α∗

i

)
=

exp
(

δj0 +
∑K∗j

k=1 δjkαikqjk

)
1+ exp

(
δj0 +

∑K∗j
k=1 δjkαikqjk

) ,

where δj0 is the intercept, which refers to the probability of
correctly answering item j when none of the required attributes
is mastered; δjk is the main effect of attribute k, representing the
change in probability when attribute k is mastered, and K∗j is the
number of attributes that item j requires.

ITEM SELECTION METHOD

A number of item selection methods have been developed
in CD-CAT, for instance, the Kullback–Leibler (KL) and the
Shannon entropy (SHE; Xu et al., 2003) strategies, the posterior-
weighted KL (PWKL; Cheng, 2009) strategy, the modified PWKL
(MPWKL) and the generalized DINA (GDINA; de la Torre,
2011) model discrimination index (GDI) strategies (Kaplan et al.,
2015), and the mutual information (MI; Wang, 2013) strategy.
Among these strategies, both of MI and MPWKL strategies can
produce high measurement accuracy when the test length is
short; in addition, the MPWKL strategy performs better than the
traditional WPKL method (Kaplan et al., 2015). The MPWKL
strategy is commonly used in CD-CAT (e.g., Huang, 2018;
Huebner et al., 2018; Wang et al., 2020); therefore, it will be
adopted in current study. The expression of the MPWKL for item
j can be formulated as

MPWKLij =

2K∑
d=1


2K∑

c=1

[ 1∑
x=0

log

(
P
(
Yij = x|αd

)
P
(
Yij = x|αc

) )

P
(
Yij = x|αd

)
π
(
αc|Yi,n−1

)π
(
αd|Yi,n−1

) ,

where P
(
Yij = x|α

)
is the item response function, Yi,n−1 is the

response vector for the first n—1 items for the ith examinee, and
π
(
α|Yi,n−1

)
is the posterior probability for attribute profile α ; the

rests are defined as above. Items with the largest MWPKL index
will be selected during the implementation of CD-CAT.

SIMULATION STUDY

Independent Variables
Several factors are manipulated in this study, including model
type, quality of the item bank, magnitude of calibration error,

TABLE 1 | Simulation design of the current study.

Independent variable Values

Model DINA, RRUM, CRUM

Calibration error 0, 0.1, 0.2, 0.3

Termination rule 0.7, 0.8

Item quality High DINA: s, g ∼ U (0.05, 0.25)

RRUM: π∗ ∼ U (0.75, 0.95); r∗ ∼ U (0.05, 0.40)

CRUM: δ0 ∼ U (−3, −1.1); P
(
Yj = 1

)
∼ U (0.85, 1.0)

Low DINA: s, g ∼ U (0.25, 0.45)

RRUM: π∗ ∼ U (0.55, 0.75); r∗ ∼ U (0.15, 0.50)

CRUM: δ0 ∼ U (−1.1, −0.2); P
(
Yj = 1

)
∼ U (0.6, 0.85)

Mix DINA: s, g ∼ U (0.05, 0.45)

RRUM: π∗ ∼ U (0.55, 0.95); r∗ ∼ U (0.05, 0.50)

CRUM: δ0 ∼ U (−3, −0.2); P
(
Yj = 1

)
∼ U (0.6, 1.0)

P
(
Yj = 1

)
refers to the probability of correctly answering item j.

and termination rule. Specifically, three CDMs, which are the
DINA model, RRUM, and CRUM, are adopted in this study, and
these models have been used in previous studies (e.g., Chen et al.,
2012; Mao and Xin, 2013; Wang, 2013; Huang, 2018; Huebner
et al., 2018; Wang et al., 2020). In addition, three levels are
manipulated for the quality of the item bank, which are high-,
low-, and mix-item quality (i.e., the mix of high- and low-quality
items), respectively, and the corresponding item parameters are
listed in Table 1. All these settings are modified from previous
studies (Chen et al., 2012; Huang, 2018; Wang et al., 2020).
As for the magnitude of calibration error, similar with Huang
(2018), four levels are adopted in this study, while the specific
values are different. A pilot study shows that when the models
are the DINA model and the RRUM in CD-CAT, the standard
deviations (SDs) of the calibration errors are smaller than 0.1
for different calibration sample sizes conditional on high-quality
items. Considering that the SD might be larger than 0.1 when the
quality of items is low, the SD values of calibration errors are 0,
0.1, 0.2, and 0.3, which are named true value, small, median, and
large errors, respectively. The mean value is set as 0 for all the
calibration errors. Consistent with previous studies (Hsu et al.,
2013; Hsu and Wang, 2015), the posterior probability of attribute
profile is used as the termination rule, and the termination criteria
are 0.7 and 0.8, respectively.

Control Variables
Five variables are fixed in current study. Specifically, 5 attributes
and 300 items, which are commonly adopted in empirical and
simulation studies (e.g., Liu et al., 2013; Mao and Xin, 2013;
Huang, 2018; Huebner et al., 2018; Wang et al., 2020), are used
in this study. The generation of Q-matrix is consistent with Chen
et al. (2012). Specifically, three basic Q-matrices, which include
items measuring one, two, and three attribute(s), respectively,
are generated, namely Q1, Q2, and Q3, respectively. Then, the
final Q-matrix is constructed by merging 20 basic matrix Q1,
14 basic matrix Q2, and 6 basic matrix Q3. In addition, the
number of examinees is set as 2,000, which is consistent with
Mao and Xin (2013) and Huang (2018). The generation of the
attribute profile is consistent with Cheng (2009), which assumes
that the probability that each examinee masters each attribute is
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FIGURE 1 | The correct classification rates for all conditions.

0.5. Meanwhile, the item selection method is MPWKL, and the
maximum number of items of the test is 30, which are adopted in
previous studies (Huebner et al., 2018).

There are 3× 3× 4× 2 = 72 conditions in total, among which
the termination rule is within-group variable, and the rest are
between-group variables. Twenty-five replications are generated
for each condition to reduce the sample error. The simulation
study is implemented in R software, and the codes are available
upon request from the corresponding author.

Measurement Criteria
Two indices are used to evaluate the measurement accuracy
of attribute classification, which include pattern correct
classification rate (PCR) and average attribute correct
classification rate (AACR). These two indices both range
from 0 to 1, and larger value indicates better performance. They
can be expressed as

PCR =
N∑

i=1

I
(
α̂i = αi

)/
N,

AACR =
N∑

i=1

K∑
k=1

I
(
α̂ik = αik

)/
(N × K),

where N is the number of examinees; I(·) is the indicator
function, which equals 1 if α̂i = αi(orα̂ik = αik) is true, and vice

versa; α̂i is the estimate of attribute profile, and αi is the true
attribute profile.

In addition to the evaluation of the measurement accuracy,
the relative measurement precision (RMP) index is also used to
evaluate the measurement precision of the estimated attribute
profile (Huang, 2018). Moreover, based on the study conducted
by Patton et al. (2013), the relative test efficiency (RTE) is used to
evaluate the test efficiency in CD-CAT. These two indices can be
written as

RMP =

∑N
i=1 max

c=1,2,··· ,2K

(
π
(
αc|Yi, δ̂

))
∑N

i=1 max
c=1,2,··· ,2K

(π (αc|Yi, δ))
and

RTE =

∑N
i=1
∑Ji

j=1 ĈDIj∑N
i=1
∑Ji

j=1 CDIj
,

where δ̂ and δ are vectors including all estimated and true item
parameters that examinee i answers, respectively. CDI is the
cognitive diagnostic index and proposed by Henson and Douglas
(2005), which can be regarded as the test information for each
examinee in current study. The details can be found in Henson
and Douglas (2005).
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FIGURE 2 | The average test length and the corresponding SDs for all conditions.

RESULTS

Figure 1 presents the estimated AACR and PCR for each
condition. Some meaningful findings can be summarized from
the figure. First, the calibration error has negative effect on the
AACR and PCR for the DINA model and RRUM irrespective
of the item quality and termination rule. With the increase
in SD of calibration error, the AACR and PCR decrease for
these two models. The effect of calibration error on CRUM
can be ignorable, especially for high- and mix-item quality. The
differences between the true value (SD = 0) and calibration errors
are small enough. Second, for the DINA model, the differences of
AACR and PCR between median (SD = 0.2) and large (SD = 0.3)
are small, regardless of the item quality and termination rule. The
same results are found for the RRUM under high- and low-item
quality, whereas the differences are large when the item bank is of
mixed quality. Third, the quality of the item bank has positive
effect on PCR, regardless of model type and termination rule.
Items with high quality produce higher PCRs than low-quality
items. Fourth, termination rule has a positive effect on PCR for
the CRUM, whereas the effects are complicated for the DINA
model and RRUM. When calibration error is zero, termination
rule has positive effect on PCR, while the positive effect of
termination rule on PCR tends to decrease with the increase of
calibration error. Fifth, the PCRs and AACRs are stable for all
conditions, and the SDs of PCR for the DINA model, RRUM,

and CRUM range from 0.005 to 0.013, 0.008 to 0.015, and 0.007
to 0.013, respectively. Meanwhile, the SDs of AACR range from
0.006 to 0.049, 0.006 to 0.044, and 0.004 to 0.016, respectively, for
these three CDMs.

Figure 2 shows the ATL and the corresponding SD. Some
meaningful points are summarized. First, the true value (SD = 0)
produces the longest ATL for the DINA model and RRUM, and
with the increase of calibration error, the ATL, in general, tends to
decrease, especially for the low-quality item. The CRUM, on the
contrary, produces similar ATL irrespective of calibration error.
Second, the quality of the item bank has an effect on ATL. Items
with high and mixed quality tend to produce shorter ATL than
low-quality items, and high- and mixed-quality items produce
similar ATL. Third, termination rule has positive effect on ATL,
especially for true and small calibration error. The ATLs are
relatively stable for median and large calibration error. These
results indicate that items with calibration error tend to terminate
prematurely for the DINA model and RRUM. The CRUM, on the
contrary, is not affected by calibration error.

Figure 3 depicts the RMPs with different calibration errors.
The RMPs are greater than one in all conditions. Specifically,
small calibration error produces the smallest RMPs for the
DINA model and RRUM irrespective of the item quality and
termination rule. The large calibration error, on the contrary,
produces the largest RMPs. In other words, items with calibration
error can produce spuriously high measurement precision,
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FIGURE 3 | The relative test efficiency with different calibration errors.

indicating that the posterior probability that an examinee belongs
to a specific attribute profile is overestimated substantially,
especially for low-quality items. By contrast, the RMPs are
closed to one for the CRUM, regardless of the item quality
and termination rule, suggesting that the CRUM can produce
similar measurement precision between true and calibration
error–affected items.

Table 2 lists the RTE for each calibration error. The results are
similar to those for the RMP. Overall, the smaller the calibration
error is, the better the RTE is for the DINA model and RRUM,
regardless of the item quality and termination rule. On the
contrary, the calibration error has ignorable effect on the RTE for
the CRUM. In addition, the calibration error has more serious
effect on the DINA model than the RRUM; the RTE indices are
larger than those for the RRUM.

DISCUSSION

CD-CAT can diagnose the strengths and weaknesses of
examinees with fewer items and provide feedback immediately

(Chen et al., 2012; Mao and Xin, 2013; Chang, 2015; Wang
et al., 2020). Before the implementation of CD-CAT, parameters
of items in the bank need to be calibrated. However, a limited
number of examinees are commonly used to calibrate the item
parameters to maintain the security of the item bank; therefore,
calibration errors exist in these items (van der Linden and Glas,
2000; Doebler, 2012; Patton et al., 2013; Huang, 2018). The
current study investigates the impacts of calibration error on
variable-length CD-CAT, as well as examines the methods for
reducing the adverse effects of calibration errors. Simulation
study indicates that calibration error has substantial effect on the
classification accuracy, the ATL, measurement precision, and test
efficiency. Meanwhile, several factors are found that can be used
to reduce the adverse effects of calibration errors.

Results show that for the DINA mode and the RRUM, with
the increase of calibration error, the correct classification rates
are decreasing, suggesting that the calibration error should not
be ignored when CD-CAT is used to diagnose the mastery of
examinees, or the results will be inaccuracy, which is consistent
with previous studies (Patton et al., 2013; Huang, 2018). At the
same time, compared with true item parameter, the ATL becomes
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TABLE 2 | The relative test efficiency for each calibration error.

Model Item
quality

Calibration
error

ε = 0.7 ε = 0.8

M SD M SD

DINA Low 0.1 2.456 0.016 2.299 0.029

0.2 18.782 0.200 19.528 0.259

0.3 45.504 0.703 45.149 0.460

High 0.1 5.149 0.034 5.117 0.039

0.2 6.752 0.050 6.777 0.047

0.3 8.442 0.064 8.408 0.049

Mix 0.1 4.008 0.026 3.998 0.035

0.2 5.160 0.055 5.346 0.053

0.3 11.294 0.069 11.251 0.076

RRUM Low 0.1 1.778 0.015 1.683 0.013

0.2 6.112 0.061 6.008 0.072

0.3 9.882 0.100 9.617 0.093

High 0.1 3.386 0.018 3.444 0.019

0.2 5.968 0.040 5.937 0.035

0.3 6.120 0.028 6.134 0.039

Mix 0.1 3.112 0.025 2.885 0.025

0.2 5.005 0.036 5.106 0.034

0.3 6.802 0.060 6.766 0.082

CRUM Low 0.1 1.019 0.002 1.017 0.002

0.2 1.041 0.004 1.026 0.004

0.3 1.076 0.006 1.054 0.008

High 0.1 1.007 0.000 1.005 0.000

0.2 1.013 0.001 1.006 0.001

0.3 1.065 0.001 0.983 0.001

Mix 0.1 1.007 0.000 1.013 0.000

0.2 0.997 0.001 0.978 0.001

0.3 1.098 0.002 1.059 0.001

shorter for these error-affected item parameters. In other words,
when true item parameters are used to select candidate items, to
obtain the prespecified posterior probability of attribute profile,
more items are needed. However, fewer items are sufficient to
obtain the prespecified posterior probability for these error-
affected item parameters. Such results indicate that the error-
affected item parameters would terminate the test prematurely
for examinees, and the similar results were found in IRT-based
CAT conducted by Patton et al. (2013).

In addition, the results based on the RMP demonstrate that
calibration error tends to produce spuriously high posterior
probability that an examinee belongs to a specific attribute
profile, which can be used to explain why the test is terminated
prematurely for error-affected item parameters. In variable-
length CD-CAT, the posterior probability is mainly used as the
termination rule, which is adopted in current study as well. When
items with calibration error are used in the test, the overestimated
posterior probability is obtained; therefore, it is easy to meet the
prespecified termination criteria; consequently, the test would
be ended. Huang (2018) also obtained the similar result in
the context of fix-length CD-CAT. Moreover, the results of the
RTE indicate that the calibration error-affected items produce

overestimated test information. This finding is consistent with
Patton et al. (2013), but inconsistent with Huang (2018). Huang
(2018) found that larger calibration errors produce lower CDI
values. One possible explanation for this inconsistence is that
the ways of calculating the CDI are different. In current study,
the CDI values are calculated based on the same items, but
the parameters are different, while both of the items and item
parameters are different in Huang’s (2018) study.

The results based on the CRUM show that calibration error,
in general, has ignorable effects on the attribute classification
accuracy, ATL, measurement precision, and test efficiency,
regardless of the item quality and termination rule. The
classifications of attribute and attribute profile are relatively
higher for the CRUM than for the DINA model and the
RRUM. The similar results are found in Huang’s (2018) study.
In addition, item quality has a negative effect on ATL for the
CRUM, which is low-quality item that produces the longest
test length. The differences of ATL between high and mixed
quality are comparable.

In summary, compared with the DINA and RRUM, the
presence of calibration error does not affect the measurement
accuracy of the CRUM, and the possible reason can be attributed
to the additive characteristic of this model (Huang, 2018). For
instance, some parameters may be overestimated, whereas others
may be underestimated for a specific item, and at this point,
the summon of these parameters may be consistent with the
true value because of the counterbalance of the overestimated
and underestimated parameters. The DINA model and RRUM,
on the contrary, do not possess the additive characteristic.
Specifically, the probability of answering correctly involves only
one parameter (the slipping or guessing) for the DINA model;
thus, the result would be inconsistent with the true value if
the calibration error is considered. Meanwhile, the characteristic
of the RRUM is multiplicative property rather than additive
property; therefore, the multiplication of the baseline and penalty
parameters contaminated by calibration error may produce the
final result that is different from the true value of the item.

According to the results of the simulation study, some factors
can be summarized to reduce the adverse effect of calibration
error on variable-length CD-CAT. First, considering that there
is negative relationship between calibration sample size and
calibration error of items (Huang, 2018), therefore increasing the
sample size of calibration should be a feasible way to achieve
this purpose. Second, compared with the low- and mixed-quality
items, the differences between contaminated by calibration error
and true item parameters are relatively smaller conditional on
the high-quality items, which means improving the quality of the
item bank is another way to achieve this purpose. In addition
to these factors, previous studies indicated that increasing the
test length could also relieve the negative effect of the calibration
error (Patton et al., 2013; Huang, 2018). Moreover, the cross-
validation method, which is used by Patton et al. (2013) in
the CAT framework, can also reduce the adverse effect of
calibration error. Results based on four conditions, including
the cross combination of the quality of the item bank (low
and high quality) and the SD of calibration error (0.2 and
0.3), show that using the cross-validation method can produce
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better performance of the measurement accuracy, RMP, and RTE
than the method without using cross-validation. Furthermore,
Huang (2018) also found that using the item exposure control
method, such as the Sympson and Hetter on line method with
freeze (SHOF method), could also relieve the negative impact
of calibration error. The item selection strategy with the SHOF
method produces slightly lower classification accuracy than
strategy without SHOF method, while the values of the RMP
produced by strategy with the SHOF method are close to one for
low-quality items (Huang, 2018).

Although some promising results are obtained in this study,
some possible directions can be investigated for future studies.
For instance, the complexity of Q-matrix has an important effect
on classification accuracy and is not considered in this study.
Future study can be conducted to explore the performance
of this factor. In addition, the setting of calibration error
may not represent the empirical situation sufficiently; therefore,
using different calibration sample size to calibrate the item
parameters may be an option for future study. Moreover, only
MPWKL strategy is used in the current study; other item
selection strategies such as MI and SHE strategies should be
adopted in the future. Furthermore, all CDMs used in the
current study are special cases of the GDINA model and
the log-linear cognitive diagnostic model (LCDM; Henson
et al., 2009). Compared with the GDINA model and LCDM,
the CDMs used in this study lack flexibility and have more

restrictions (Rupp et al., 2010). Therefore, general CDMs such
as the GDINA model and LCDM should be investigated
in the future.
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Şahin, A., and Weiss, D. (2015). Effects of calibration sample size and item bank
size on ability estimation in computerized adaptive testing. Educ. Sci. Theory.
Pract. 15, 1585–1595. doi: 10.12738/estp.2015.6.0102

Frontiers in Psychology | www.frontiersin.org 8 December 2020 | Volume 11 | Article 575141

https://doi.org/10.1007/s11336-014-9401-5
https://doi.org/10.1007/S11336-012-9255-7
https://doi.org/10.1007/s11336-009-9123-2
https://doi.org/10.1177/0013164414530719
https://doi.org/10.1177/0146621616666008
https://doi.org/10.1007/s11336-011-9207-7
https://doi.org/10.1177/0146621612443304
https://doi.org/10.1177/0146621604272623
https://doi.org/10.1007/s11336-008-9089-5
https://doi.org/10.1111/jedm.12069
https://doi.org/10.1111/jedm.12069
https://doi.org/10.1177/0146621613488642
https://doi.org/10.1007/s00357-018-9265-y
https://doi.org/10.1007/s00357-018-9265-y
https://doi.org/10.7333/1802-060101
https://doi.org/10.7333/1802-060101
https://doi.org/10.1177/01466210122032064
https://doi.org/10.1177/0146621614554650
https://doi.org/10.1007/s00357-013-9128-5
https://doi.org/10.1007/s00357-013-9128-5
https://doi.org/10.1177/0146621613486015
https://doi.org/10.1177/0146621613486015
https://doi.org/10.1177/0146621612461727
https://doi.org/10.12738/estp.2015.6.0102
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-11-575141 November 26, 2020 Time: 20:46 # 9

Sun et al. Impact of SE on VL-CD-CAT

van der Linden, W. J., and Glas, C. A. (2000). Capitalization on item calibration
error in adaptive testing. Appl. Meas. Educ. 13, 35–53. doi: 10.1207/
s15324818ame1301_2

Wang, C. (2013). Mutual information item selection method in cognitive
diagnostic computerized adaptive testing with short test length.
Educ. Psychol. Meas. 73, 1017–1035. doi: 10.1177/00131644134
98256

Wang, Y., Sun, X., Chong, W., and Xin, T. (2020). Attribute discrimination
index-based method to balance attribute coverage for short-length cognitive
diagnostic computerized adaptive testing. Front. Psychol. 11:224. doi: 10.3389/
fpsyg.2020.00224

Weiss, D. J. (1982). Improving measurement quality and efficiency with
adaptive testing. Appl. Psychol. Meas. 6, 473–492. doi: 10.1177/0146621682006
00408

Xu, X., Chang, H., and Douglas, J. (2003). A simulation study to compare CAT
strategies for cognitive diagnosis. Paper presented at the annual meeting of the
American Educational Research Association, (Chicago, IL: AERA).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sun, Liu, Xin and Song. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 9 December 2020 | Volume 11 | Article 575141

https://doi.org/10.1207/s15324818ame1301_2
https://doi.org/10.1207/s15324818ame1301_2
https://doi.org/10.1177/0013164413498256
https://doi.org/10.1177/0013164413498256
https://doi.org/10.3389/fpsyg.2020.00224
https://doi.org/10.3389/fpsyg.2020.00224
https://doi.org/10.1177/014662168200600408
https://doi.org/10.1177/014662168200600408
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	The Impact of Item Calibration Error on Variable-Length Cognitive Diagnostic Computerized Adaptive Testing
	Introduction
	Introduction of Cdms
	The DINA Model
	The RRUM
	The CRUM

	Item Selection Method
	Simulation Study
	Independent Variables
	Control Variables
	Measurement Criteria

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


