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Abstract

For classroom teaching and learning, classifying students’ skills into more than two categories (e.g., no,
basic, and advanced masteries) is more instructionally relevant. Such classifications require polytomous
attributes, for which most existing cognitive diagnosis models (CDMs) are inapplicable. This paper
proposes the saturated polytomous cognitive diagnosis model (sp-CDM), a general model that subsumes
existing CDMs for polytomous attributes as special cases. The generalization is shown by mathematically
illustrating the relationships between the proposed and existing CDMs. Moreover, algorithms to estimate
the proposed model is proposed. A simulation study is conducted to evaluate the parameter recovery of the
sp-CDM using the proposed estimation algorithms, as well as to illustrate the consequences of improperly
fitting constrained or unnecessarily complex polytomous-attribute CDMs. A real-data example involving
polytomous attributes is presented to demonstrate the practical utility of the proposed model.
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1. Introduction

A wide variety of cognitive diagnosis models (CDMs) exist in the literature. Typically, these models
were proposed for dichotomous attributes appropriate for determining, say, skill mastery or non-
mastery. However, in many applications, classifying students into more than two categories is more
instructionally relevant. Such classifications require polytomous attributes, where the attribute levels
can be ordinal categories (e.g., no mastery, basic mastery, and advanced mastery). For example,
the proportional reasoning (PR) assessment developed to measure the PR skills for middle school
(equivalently, secondary) students (Tjoe & de la Torre, 2013, 2014) involves two three-level polytomous
attributes, namely, (a) comparing and ordering of fractions, where level 0 represents nonmastery of
the attribute, level 1 the ability to compare two fractions, and level 2 the ability to order three or more
fractions and (b) constructing ratios and proportions, where level 0 represents nonmastery, level 1 the
ability to construct a single ratio, and level 2 the ability to construct a proportion, which is made up
of two ratios. Attribute levels can also be nominal categories representing different content domains.
For example, level 1 represents the prerequisite skills (e.g., add and subtract) in the attribute hierarchy,
whereas level 2 the advanced skills (e.g., multiply and divide). In general, any M-level polytomous
attribute can be equivalently represented by M — 1 dichotomous attributes that follow a linear hierarchy
(Leighton et al., 2004). In the example above, the polytomous attribute comparing/ordering fractions
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Table 1. Summary of existing cognitive diagnosis models for polytomous attributes

Model Framework Link Core assumptions

RUM-PA Constrained Log Conjunctive

cRUM-PA Constrained Log Conjunctive; equivalent distance between levels

OCAC-DINA  Constrained Identity Conjunctive

fA-M Constrained Identity Additive

PDCM General Logit Monotonic

cPDCM Constrained Logit Monotonic; main effects of different levels are the same;
interaction effects across levels are the same

GDM-PA General Logit Depends on the choice of h(qx,ax)

pG-DINA General Identity; logit; log Monotonic; SALM

RAM Constrained Identity Conjunctive; monotonic

Note: RUM-PA: reparameterized unified model for polytomous attributes; cRUM-PA: constrained RUM-PA; OCAC-DINA: deterministic input,
noisy “and” gate model with ordered category attribute coding; fA-M: fully additive model for polytomous attributes; PDCM: polytomous
diagnostic classification model; cPDCM: constrained PDCM; GDM-PA: general diagnostic model for polytomous attributes; pG-DINA: polytomous
generalized DINA model; SALM: specific attribute level mastery; RAM: response accuracy model.

can be split into two dichotomous attributes, where the first deals with two fractions and the second with
three or more fractions, and the mastery of the former is a prerequisite to the mastery the latter. The
prerequisite relationship will constrain the number of possible mastery combinations to three, namely,
00, 10, and 11, which is equivalent to levels 0, 1, and 2 of the original polytomous attribute. Finally,
it is important to underscore that this paper focuses on the attributes with more than two categories
(i.e., polytomous attributes), rather than responses with more than two categories (i.e., polytomous
responses). This distinction is necessary because both CDMs for polytomous attributes and those for
polytomous responses have been referred to as polytomous CDM:s in the literature.

To accommodate polytomous attributes, several CDMs have been developed in the literature, which
are summarized and shown in Table 1 according to several key features such as general or constrained,
link function, and core assumptions. For example, Templin (2004) extended the reparameterized
unified model (RUM; Hartz, 2002) for polytomous attributes (RUM-PA) and proposed a constrained
version (cCRUM-PA), whereas Karelitz (2004) proposed the ordered category attribute coding (OCAC)
framework in conjunction with the deterministic input, noisy “and” gate (DINA) model (Junker &
Sijtsma, 2001) to define the mastery levels as multiple ordered categories. By defining accuracy with fast
speed as the highest level of an attribute, accuracy with slow speed as intermediate level, and nonmastery
as the lowest level, Wang and Chen (2020) extended the DINA model to be the response accuracy model
(RAM) model to measure students’ fluency in answering the test items. Recently, Yakar et al. (2021)
developed a fully additive model for polytomous attributes (f A-M), which accounts for the effects of
each attribute levels. However, these models are deemed to be not general enough mainly because the
models focused on a specific and constrained CDM.

The existing general CDMs for polytomous attributes include those proposed within the log-
linear cognitive diagnosis model (LCDM; Henson et al., 2009), that within the general diagnostic
model (GDM; von Davier, 2008), and that within the generalized deterministic input, noisy “and” gate
(G-DINA) model (de la Torre, 2011).

The polytomous diagnostic classification model (PDCM) framework (Bao, 2019) extends the mea-
surement and structural models of the LCDM to the polytomous attribute setting. Note that in the
PDCM framework, only the attribute patterns («;) are polytomous, whereas the Q-matrix entries remain
binary. In contrast, both the attribute pattern and Q-matrix entries are polytomous, for other CDMs
in this paper, such as the OCAC framework, GDM, and the proposed framework. The probabilities
between different levels in PDCM can be varied for greater flexibility or be equal for smaller number
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of parameters. The PDCM uses the dummy coding approach in which the M levels of an attribute
are coded as (M — 1) dummy variables and the combinations of the dummy variables—representing
different knowledge states—are treated as the polytomous attribute levels. For example, for three levels
of an attribute, they are coded with two dummy variables and as (0,0), (1,0), and (1,1) to represent
nonmastery, intermediate mastery, and mastery. This coding approach might be workable when the
number of levels in attributes and the number of attributes in a test are moderate. It becomes tedious
and hard to interpret the representation of the knowledge states when the number of levels and attributes
are large.

With a proper choice of the central component function, as in, the function k() that maps the
attribute levels using the Q-matrix entries, the GDM can flexibly accommodate polytomous attributes.
For example, a useful and reasonable choice of h(-) is defined as h = min(qy, 0 ). As a result, an attribute
level that is higher than %(-) will not increase the probability of solving an item, whereas that is lower
than h(-) results in a lower success probability. In other words, while there is no distinction between
groups who possess the required attribute level and who have an even higher level, there is distinction
between groups whose attribute levels are lower than the required level. Nonetheless, the GDM for
polytomous attributes (GDM-PA) has neither been examined with simulation studies in enough details
nor applied to the real data.

With respect to the G-DINA model for polytomous attributes, namely, the pG-DINA model (Chen
& dela Torre, 2013), the model relies on a core assumption, which is referred to the specific attribute level
mastery (SALM), where each item is assumed to separate examinees into two reduced latent groups—
those who are on or above a specific attribute level, and those who are below it. With the SALM
assumption, some levels in the pG-DINA do not increase the success probability. Such a constraint
may be too stringent because attribute vectors in the same reduced latent group are very likely to have
varying levels with respect to the required attributes and thus their probabilities of success may not be
identical.

The first and primary aim of this paper is to propose a general CDM framework for polytomous
attributes, the saturated polytomous cognitive diagnosis model (sp-CDM), which is analogous to the G-
DINA model for dichotomous attributes. Specifically, the proposed model extends the pG-DINA model
by relaxing the SALM assumption and allows for the different attribute levels to contribute differentially
to the success probability. This work also aims to derive the special cases of the sp-CDM under different
constraints and show the mathematical relationships between the sp-CDM and the existing CDMs for
polytomous attributes and its special cases. Third, this work aims to address the estimation of the sp-
CDM, to examine parameter recovery using the proposed estimation algorithms, and the consequences
of fitting constrained and unnecessarily complex models across a range of conditions. Finally, the study
aims to demonstrate the application of the sp-CDM with a real data of PR assessment.

This paper contributes to the literature by developing a unified framework for polytomous attributes.
The proposed model has three unique features: (1) Compared to the existing CDMs for polytomous
attributes, where some attribute levels share identical success probabilities, the sp-CDM allows for
different attribute levels to have their unique contributions to the success probability; (2) the sp-CDM
is formulated with alternative link functions, thus, making it more general; and (3) due to the different
model formulations, the existing models can be mathematically shown to be special cases of the various
forms of the sp-CDM with appropriate constraints. Despite the similar structure of this work to that of
the G-DINA (de la Torre, 2011) or the pG-DINA (Chen & de la Torre, 2013) model, the fundamental
differences are substantial. Specifically, the formulations, the estimations, and the implications of three
models are substantially different.

2. The generalized cognitive diagnosis model framework for polytomous attributes

The generalized CDM framework for polytomous attributes can be expressed as three saturated models
under different link functions. Let J be the number of items, K the number of attributes, and M the
number of levels of attribute k. For notational convenience, but without loss of generality, it can be
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assumed that M = M, indicating the number of levels is identical for all attributes. Thus, there will be
a total of [T, My = M¥ attribute patterns or latent classes. Let K= YK (gjk > 0) be the number of
required attributes for the item j, j=1, ..., J. Again, for notational convenience, let the first K" attributes
be the required attributes for item j. We use q; = (q1,- - qu,O)lX k to denote the required levels in the

K" attributes to answer the item j correctly, and & = (a1, ..., &, ..., &g+ ) xx+ the Ith reduced attribute
J ]

pattern or latent group. As can be seen from above, the entries in both the q and & can have more than

two categories.

To illustrate, consider K = 3, M = 3, and q = (1,2,0), which indicates that the first level of ; and the
second level of a, are required for the item, hence, K;r = 2. For this example, there are MK =27 latent

classes, which will be partitioned into M K’ = 9latent groups. Specifically, for this item, the latent classes
a; and ay are classified in the same latent group when &y = ay; and aj; = ay,. For example, the latent

classes 000, 001, and 002 all belong to the latent group 00.

The item response function (IRF) of the proposed model using the identity link function is given by

K' po K K =101 p—1
Pi(a]) =80+ > Suml[an=m]+ > > Sjemteme I [ oty = m] I ager = m
k=1 m=1 K>k k=1 m=1m'=1
M-1M-1  M-1 K
toeeet Z jlmi2m;.. K”m,(fr Hl[alk = mk]
mlzlmzzl mK* 1 7 k=1

(1)

where )9 is the intercept, §j, is the main effect of the mth level of attribute k, Sjxmurn is the two-way

interaction effect of the mth level of attribute k and the m’th level of attribute k', and 6 it 2m,...K*

mye 18
i

the K;*-way interaction effect of the mth level of the a1, math level of the as, up to the M th level

of - It can be further noted that the subscript m of §j, indicates that each attribute level in ay

contributes differentially to the success probablllty, as in, the steps between adjacent levels vary (e.g.,
the step between “no mastery” and “basic mastery” is different from that between “basic mastery” and
“advanced mastery”). To reduce the number of parameters and, hence, model complexity, it can be

assumed that the steps between levels within ay are identical, which reduces &j, to Oj.

In addition to the identity link function, the sp-CDM can also be formulated with the logit and log
links. Despite the similar forms, the models using different link functions are essentially different in
terms of the values and interpretations of the parameters. For this reason, different notations are used

for parameters under formulations with logit and log link functions.

For the logit link,
K p-1 K K =1p-1 M-1 ,
. *
logit[P;(af )] =do+ > ¥ AimI[an=m]+ > > Mk I e = m |T[ oy = m ]
k=1m=1 k'>k k=1 m=1m’'=1
M-1M-1  M-1 K7
et . Ajtngzms... i mge | L1 ok = mic]. (2)
m=1my=1 Myx = R Ay
7
For the log link,
X K M-1 K" KS=1 01 p—1 )
log[Pi(ai )] =vjo+ > > VigmI[au=m]+ D" > Vikmkeme I i = m | I[ e = m' ]
k=1m=1 k'>k k=1 m=1m'=1
M-1M-1  M-1 K
+oet Z Vitm 2m,.. . K* myx HI[‘Xlk = mk] (3)
my=1my=1 My = 7 k=1
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Equations (1), (2), and (3) are referred to as the saturated polytomous cognitive diagnosis model (sp-
CDM) under the identity, logit, and log link functions, respectively. The number of parameters for item

j for the three models is equal to the number of latent groups (i.e., MY ). Thus, the models offer much
greater generality compared to the existing CDM:s for polytomous attributes. Although flexible, the
large number of parameters in these models can make their estimation challenging. Therefore, simpler
and more interpretable models with fewer parameters are sometimes warranted. Note that the number
of parameters for the saturated models does not take into account the required attribute levels—it is
computed as the product of the maximum levels of the required attributes. Thus, in the example above, in
addition to (1,2,0), the g-vectors (1,1,0), (2,1,0), and (2,2,0) will result in the same saturated models.

3. Special cases

This section introduces several simplified CDM:s for polytomous attributes with different assumptions,
namely, the conjunctive, disjunctive, and additive assumptions, and how they can be derived from the
sp-CDM by imposing appropriate constraints.

The conjunctive version of the sp-CDM
In the conjunctive version of the sp-CDM (conj-sp-CDM), it is assumed that examinees should
possess levels that are equal to or higher than the required levels in all the required attributes are
expected to answer the item correctly. Alternatively, persons who lack at least one of the required
attributes, or possess levels lower than those required in at least one of the required attributes, are
expected to answer the item incorrectly. Hence, the IRF of the conj-sp-CDM can be expressed as
pan)-{, 9 T @

1-s otherwise,

where the symbol {} insides I[-] indicates that the operation be carried out attribute by attribute and
I[]=1ifa >q;and 0 otherwise. 1 K is a vector of ones and of length K;". The < symbol indicates with

respect to K;* required attributes, which is a partially order set of K attributes, at least one of the elements
in the results of I[-] is less than 1. As shown in Equation (4), the conj-sp-CDM has two parameters for
item j.

On the surface, the formulation of the conj-sp-CDM is similar to that of the DINA model. However,
the parameters in Equation (4) require more complicated interpretations. For example, the g in the
equation is the probability of correctly answering item j for individuals who lack at least one of the
prescribed attributes, or who possess the required attributes, but with levels lower than required levels
in the prescribed attributes; the 1 —s; represents the probability of individuals who have attribute levels
that are all at least equal to the required levels answering the item incorrectly. Thus, in the conj-sp-CDM

model, the MN attribute vectors are classified into two latent groups—attribute vectors that jointly
satisfy the required levels prescribed for item are classified in one group and the rest of the attribute
vectors in the other group.

The conj-sp-CDM model can be derived from the identity sp-CDM (i.e., Equation (1)) by imposing
the following three constraints:

(1) All the (M - I)Kf main effects are equal to zero, as in, Jj, = 0 for k= 1,... 7Kj* and
m=1,... M-1;

(2) All the Hf’: (M — gy) interaction terms involving attribute levels at least equal to the required

. . . . _ (+) _ 1.
attribute levels are identical, as in, (Sjlm§+)2m§+>‘__K;ml((;) = 5j1q12qz...1<fq,<; , where m;”"” = qy,...,M~1;and
7

v K
(3) The remaining M* — (M — )K" ~TT,., (M~ qx) - 1 interaction effects involving at least one
attribute level below the required level are all equal to zero.
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With the conjunctive assumptions imposed on the identity sp-CDM, the IRF of the conj-sp-CDM
can also be expressed as
K/‘*
Pi(a7) = 80+ 81,24,k g | [ 0me> - ()
J k=1

The disjunctive version of the sp-CDM
In the disjunctive version of the sp-CDM (disj-sp-CDM), the IRF is given by

1-sj if I[{a] >q;}] > Ok,

Pi(af) =
(o) { g otherwise,

(6)

where 1 - s]{ is the probability of not slipping for persons who possess levels that are equal to or higher
than the required levels in at least one required attribute, and g; is the success probability that persons
who possess none of required attributes, or possess at least one of the required attributes, but all of
which have levels that are lower than the required levels. As such, the disj-sp-CDM has two parameters
for each item.

The disj-sp-CDM can be derived from the identity sp-CDM with the following constraints:

(1) The main effects Sjkme) =0 and 8jkm(+) = Ojkq,>» Where mlgf) =1,...,qx — 1 represents levels of

(+)
k

attribute k that are lower than the required level gx, and m; "’ is as defined as above.

(3) The remaining interaction effects (i.e., those involving at least one m,E_)) are of equal to zero.
With these assumptions, the identity sp-CDM can be reduced to be the disj-sp-CDM as

K’ K]* K

J ]
Pi(af) = 8o+ D O [on > ai] + D0 D Opngvran I o > qi [ [ o > g |+
k=1 k'>kk=1
et 6j1q12q2_“1<]*q1<* I[Olll > ql]l[alz > qz] ce I[‘XIKJ* > qK]*] (7)
J

The fully additive model for polytomous attributes

The fully additive model for polytomous attributes (f A-M; Yakar et al., 2021) assumes that mastering
level m of required attribute k increases the success probability on item j by dji, and its contribution is
independent of the contributions of the levels of the other attributes. By retaining only the main effects
in Equation (1), the fA-M can be obtained, which has the following IRF:

K M-t
Pj(“l*) =jo + Z Z 8jk,,,1[oc1k = m] (8)

k=1m=1
The fA-M has K;"(M 1) + 1 parameters for item j. As with the saturated models, the number of
parameters of the f A-M does not depend on the required levels, only the maximum levels of the required
attributes. Using the required level gi as a cutoff value, two simplified and interpretable models can be
obtained from the fA-M. Specifically, in the first simplified fA-M, mastering an attribute level that is
higher than g will contribute to higher probability of answering an item correctly, whereas mastering
those that are lower than g will have equal success probability. Hence, gx serves as a minimum bar and

will be denoted as min-f A-M. The IRF for the min-fA-M can be expressed as

*
Kj

Pi(af) =80+ Y (S I [ ok < ] + SjemI [t > g ]), 9)
part

where §jx;, represents the main effect of m = 1 in attribute k. The number of parameters for item j in the

min-f A-M reduces to ZkKj (M—gp+1)+1.
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In contrast to the min-fA-M, the second simplified fA-M assumes gy is a maximum requirement
and will be denoted as max-fA-M. The model is similar to the GDM in that the success probabilities
for attribute levels that are higher than gy are equal to each other in both models, which equal to the
probability of level gx. However, those of levels that are lower than g are different. The lower the level,
the lower the success probability. The IRF for the max-fA-M can be expressed as

I(]*
Pi(a) = 8o+ Y (Somd [t < G| + Sjeq I [ > gk ]), (10)
pt

K*
where §jy,, is the main effect of level m = gy in attribute k. The max-fA-M has }°,’ gx + 1 parameters for
item j.

4. The connections between the sp-CDM and the existing models

This section shows, both mathematically and graphically, the connections between the sp-CDM and the
existing models. Specifically, the existing CDMs for polytomous attributes can be formulated as special
cases of the sp-CDM using different functions. A diagram (i.e., Figure 1) and a table (i.e., Table 2) help
illustrate the connections between the sp-CDM and the existing models and those among the existing
models.

4.1. The identity model: pG-DINA and fA-M

The pG-DINA model can be obtained from the sp-CDM by replacing I [ocl.. = m] with I [ocl. > qjk]. With
respect to the fA-M, as shown in Equation (8), it is the identity sp-CDM that retains the main effects

only.
identity sp-CDM logit spfx-,CDM ‘ ’ log/s;p;-CDM ‘
fA-/I;/I ,,’:/:;//RUM-PA
min-fA-M ‘ ‘ max-fA-M | : /GDM-PA ‘ ‘ ¢RUM-PA |

pDINO;
conj-sp-CDM; disj-sp-CDM
OCAC

Figure 1. The generalized cognitive diagnosis model framework for polytomous attributes.

Note: sp-CDM: saturated polytomous cognitive diagnosis model; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministic input, noisy “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption; PDCM:
saturated polytomous-attribute diagnostic classification model; RUM-PA: reparameterized unified model for polytomous attributes; min-fA-
M: fA-M using gx as a minimum requirement; max-fA-M: fA-M using g, as a maximum requirement; cPDCM: constrained PDCM; GDM-PA:
general diagnostic model for polytomous attributes; cRUM-PA: constrained RUM-PA; pA-CDM: additive model for polytomous attributes; pDINA:
deterministic input, noisy “and” gate model for polytomous attributes; pDINO: deterministic input, noisy “or” gate model for polytomous
attributes; conj-sp-CDM: conjunctive version of sp-CDM; disj-sp-CDM: disjunctive version of sp-CDM; OCAC: ordered category attribute coding
framework. The colors orange, blue and green can be interpreted as the number of steps (i.e., 1, 2, and 3 steps) for the reduced models to be
derived from the saturated model of a particular link function. For example, the pA-CDM can be derived from the identity sp-CDM through pG-
DINA (two steps) or through fA-M then either min-fA-M or max-fA-M (three steps). The dashed lines indicate that the reduced models can also
be shown to be special cases of sp-CDM with logit or log link functions.
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Table 2. The relationships between sp-CDMs and the existing CDMs for polytomous attributes

Existing CDMs Constraints on the sp-CDM Special cases
pG-DINA sp-CDM with /[ > gj] OCAC

OCAC pG-DINA without interaction terms —

fA-M identity sp-CDM with main effects of levels —

PDCM logit sp-CDM cPDCM; GDM-PA
GDM-PA logit sp-CDM without interaction terms —

RUM-PA log sp-CDM with log(7* ) + Sf_, ¥ _ log(r}:,) = vo and cRUM-PA

- Zf:l Zynzl log(ri,) = — Zf:l ZnM7:1 Vikm

Note: sp-CDM: saturated polytomous cognitive diagnosis models; pG-DINA: generalized deterministic input, noisy “and” gate model for
polytomous attributes with the specific attribute level mastery (SALM) assumption; OCAC: ordered category attribute coding framework; fA-
M: fully additive model for polytomous attributes; PDCM: saturated polytomous-attribute diagnostic classification models; cPDCM: constrained
PDCM; GDM-PA: general diagnostic model for polytomous attributes; RUM-PA: reparameterized unified model for polytomous attributes; cRUM-
PA: constrained RUM-PA.

4.2. The logit model: PDCM and GDM-PA
In the PDCM framework (Bao, 2019), the logit of the success probably in answering item j correctly is

given by
P(X; = 1|&) K M1 KoIM-l KoM=l
gl o <5 S il %, 01 S X MW gpaer (D
(Xj = 0l&) k=1m=1 k=1 m=1k'=k+1m'=1

where & is the dummy variable for level m of attribute k, gji is equal to 1 if kth attribute is measured
by item j. A is the main effect of level m for attribute k, and /ljmk,?’ is the two-way interaction effect for
level m of attribute k and level m” of attribute k. As mentioned earlier, gj in the PDCM are still binary
values. Hence, the PDCM is a special case of the logit sp-CDM.

In the GDM (von Davier, 2008), the IRF can be expressed as

logit [P(X; = 1/B,qx,7,0)] = B+¥" 1 (qixe)- (12)

As mentioned earlier, for polytomous attributes with gx € {0,1,2,...,m} and ax € {0,1,2,...,m}, auseful
and reasonable choice of h(-) in GDM is defined as

_ qdk ifock > qdk
h(Qk#xk) - {“k if(Xk S Qk . (13)

To this end, Equation (12) is equivalent to

*

K M
logit[P(X; = 1|B,qx,y,0x)] = B+ > vix - h(qr, o), (14)
k=1m=1

where yj; is the increase in the logit of the probability of success for every level of a; mastered up to the
required level (i.e., qi).

4.3. The log model: RUM-PA

In the polytomous attribute RUM (Templin, 2004) with g, € {0,1} and ax € {0,1,2,...,m}, the success
probability is given by

K
P(X; = grap,n*,rp ) = [ (i Y (@0, (15)
k=1
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where

1 iqu = 1,(Xk =0

0ifge=1<ar=m" (16)

f(qrs o) ={

Like in the PDCM, the Q-matrices in the RUM-PA are assumed to be dichotomous, whereas the person
attributes are assumed to be polytomous. Equation (15) can be written with respect to different attribute
level m as

K M
P(Xj _ 1|Qk,“kaﬂ*,r}:) S H H(”It )ﬁ(m(qkm7(ka). (17)

k=1m=1

Equation (17) can be rewritten using o with g =1 as

* ok ok % K M " K M 1 .
PO = aak'srk) = TT T ko TTTT ()™ (18)
k=1m=1 k=1m=1 Tkm
Thus,
* k% * K M " K M .
log[P(X; = 1lqi i, ") ] =log (") + 3 3 10g(rion) = 3 3 10g(1in) - (19)
k=1m=1 k=1m=1

By setting log(7*) + X4 L1 108(r5,) = vo and — Yy Yooy 10g(rih,) = = iy Sy Vims Equation
(19) is a special case of log sp-CDM without the interaction terms.

5. Model estimation

The estimation algorithms for the parameters, the corresponding standard errors (SEs), and the person
attribute patterns in the sp-CDM model are primarily similar to those in estimating the parameters
of the G-DINA model described in de la Torre (2011) and those of the DINA model in de la Torre
(2009). Specifically, parameters for the saturated forms of the sp-CDM can be estimated via the marginal
maximum likelihood estimation method with an expectation-maximization (MMLE/EM), and those
of reduced models can be estimated by incorporating appropriate design matrix in the MMLE/EM
procedure. Details can be found in Appendix A.

6. Simulation study
6.1. Design

Two research questions were investigated in the simulation study. First, how well can the parameters
of the sp-CDM be recovered with the proposed estimation algorithms? And second, how does the
fit of the sp-CDM compare with those of constrained and simplified models across different data
generation assumptions. Due to time and space constraints, we focus on the identity sp-CDM and
its two special cases, namely, the pG-DINA and fA-M, in this study. The details of the design are
summarized in Table 3. The levels for the manipulated factors followed previous studies (e.g., de la
Torre et al., 2021). In particular, the levels of item quality, defined as a function of the guessing and
slip parameters, were computed as py and (1 — p1). Specifically, items with (po, 1 —p1) € U(.05, .15),
U(.10, .20), and U(.15, .30) were classified as high, moderate, and low-quality items, respectively. To
this end, the generating values for the intercept parameters were set to be .05, .10, and .15 under the
three types of quality items. For the main effect parameters, the mean of the generating values are .16,
.15, and .13, respectively, and for the interaction effect parameters, they are .1, .08, and .07, respectively.
Attribute patterns were generated from a uniform distribution where all possible attribute patterns were
equally likely. The Q-matrix for K = 3 and K = 5 with 26 items is shown in Tables 4 and B.1, respectively,
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Table 3. Summary of the simulation design

Factor Level

M (attribute levels) 3

N (sample size) 1,000, 2,000

K (number of attributes) 3,5

J (number of items) 26,52

Item quality High, Moderate, Low
True/Fitted model sp-CDM/sp-CDM

sp-CDM/pG-DINA, sp-CDM/fA-M

pG-DINA/sp-CDM, pG-DINA/pG-DINA,
fA-M/sp-CDM, fA-M/fA-M

Note: sp-CDM: saturated polytomous cognitive diagnosis models; pG-DINA: generalized deter-
ministic input, noisy “and” gate model for polytomous attributes with the specific attribute
level mastery (SALM) assumption; fA-M: fully additive model for polytomous attributes.

Table 4. Q-matrix for conditions of three attributes in simulation study

Item o o a3 Item o %) a3 Item o %) a3
1 1 0 0 11 1 0 1 21 1 2 1
2 0 1 0 12 1 0 2 22 1 2 2
3 0 0 1 13 2 0 1 23 2 1 1
4 2 0 0 14 2 0 2 24 2 1 2
5 0 2 0 15 0 1 1 25 2 2 1
6 0 0 2 16 0 1 2 26 2 2 2
7 1 1 0 17 0 2 1

1 2 0 18 0 2 2
9 2 1 0 19 1 1 1
10 2 2 0 20 1 1 2

and the Q-matrix with 52 items is duplicate of respective Q-matrices. The Q-matrix in the simulation
study was specified to satisfy the sufficient conditions similar to Theorem 4 in Fang et al. (2019). The
GDINA package (Ma & de la Torre, 2019) and a customized program were used to generate the data
and estimate the models. The monotonic constraints were imposed when estimating the models. A total
of 168 conditions were examined, and each condition was replicated 100 times.

To answer the research questions, the simulation study was carried out in three steps. Step 1 was
designed to answer the first research question. In this step, data under different conditions were
generated following the sp-CDM (i.e., Equation (1)) and fitted with the true model (i.e., the sp-
CDM). Steps 2 and 3 were designed to answer the second research question. In the second step,
the pG-DINA model and fA-M were also fitted to the generated data in step 1 to investigate the
consequences of fitting reduced models when neither the SALM nor the additive assumption holds.
In step 3, two sets of data were generated following the pG-DINA model and fA-M, and fitted with sp-
CDM, as well as their respective true model to investigate the consequences of fitting an unnecessarily
complicated model (i.e., the sp-CDM) when the SALM or the additive assumption holds. For the sake of
discussion, step 1 is referred to as the parameter recovery study, whereas steps 2 and 3 as the comparison
study.
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Evaluation criteria

The dependent variables in the parameter recovery study were the bias and root mean square error
(RMSE) of the estimated success probabilities of the reduced attribute patterns in item j (denoted as
Pi(«')), and were defined as

]Lf*

_ ]
Bias(Pj(af)) = 21; [Bi(ai) —pj(a,*)]/zL;, (20)
j=ll= =
and
. ] L; R 2 J
RMSE(P;(a7)) = | ; 1;2[p]§r)(“;)_pj(a;)] /[Rx 1L]?*], (21)
j=lI=1r= j=

respectively, where P;(a; ) is the generating probability of ;" in item j, Pj(f) () is the estimate of P;(e]")

in the rth replication, P;(a;) is the mean of P;(a;) across R replications, and L} is the number of
attribute patterns in item j.

In the comparison study, the dependent variables were the proportion of correctly classified attributes
(PCA) and vectors (PCV), which were computed as

N K M A
_ Zn:l Zk:l Zm=11[ankm = (xnkm]

PCA, )
NxK

(22)

and

Zi\]=11|:&” =]

PCV, = 5 ,

(23)
respectively, where I[&km = 0tukm | Was used to evaluate the match between the estimated and generated
attribute in the rth replication and I[&, = &,] to attribute vectors. For both studies, the results are
summarized using the average values of the variables across replications.

Results

For K = 3, the bias and RMSE under different conditions are shown in Figures 2 and 3, respectively,
and PCA and PCV under the high, moderate, and low quality item conditions in Tables 5, 6, and 7,
respectively. In particular, the upper panels of Figures 2 and 3 give the biases and RMSEs from fitting
the sp-CDM to the sp-CDM data under different numbers of attributes, item qualities, test lengths,
and sample sizes. The figures show that the parameters of the sp-CDM can be well recovered with the
proposed estimation algorithms, particularly when high quality items were involved. For example, the
mean biases were between —0.007 and 0.000, and the mean RMSEs were between 0.000 and 0.009 across
all conditions. The upper panels of Tables 5, 6, and 7 reveal that the classification of attributes and vectors
are satisfactory under the sp-CDM. For example, for the high quality item conditions (i.e., Table 5), the
PCAs were between 88.2% and 96.9%, and the PCV's were between 71.9% and 89.3%.

In comparison, a closer inspection of the panels of Figures 2 and 3 and Tables 5, 6, and 7 reveals
that fitting the reduced models, either the fA-M or the pG-DINA, to the sp-CDM data resulted in
larger biases and RMSEs, or lower PCAs and PCVs, particularly when high quality items were used.
Dramatically different results were obtained when the sp-CDM was fitted to the data generated using
the reduced models, the biases, RMSEs, PCAs, and PCVs were similar to those obtained when the
corresponding true models were fitted. These results can have important practical implications—when
it is unclear which is the true model for an item, it is safer to fit the more general sp-CDM, rather than
a particular reduced model.
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Figure 2. Bias in parameter recovery with three attributes.

Note: sp-CDM: saturated polytomous cognitive diagnosis models; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministicinput, noisy “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption. J: test length;
N: sample size.

Due to space constraints, the results for K = 5 are given in Appendix B, where Figures B.1 and B.2
contain the bias and RMSE, respectively, and Tables B.2, B.3, and B.4 the PCA and PCV under the three
item quality conditions, respectively. In general, the findings for K = 5 were similar to those for K = 3.
However, it should be noted that for two conditions in Figure B.2 (i.e., K =5, ] = 26, N = 1000, and items
are either of low or moderate quality), the sp-CDM produced larger RMSEs than f-AM even though
the data were generated from the sp-CDM. This could be attributed to the instability of estimating the
sp-CDM when a large number of parameters are involved, and the data are not sufficiently informative.

One reviewer noted that the RMSE results from both the K = 3 and K = 5 conditions for the sp-CDM
and fAM tend to yield decreased RMSEs when tests contain more items and use smaller samples. For
example, in the top panel of Figure 3, the RMSE results under the condition J52/N1000 are smaller
than those for the condition J26/N2000. To investigate this phenomena, an additional simulation was
conducted where the dataset was generated from the sp-CDM with K = 3 and high item quality for
the two conditions (i.e., J52/N1000 and J26/N2000). Three analyses were carried out as follows: In
the first analysis, for the condition of J52/N1000, the true attribute patterns for each person were
assigned a posterior probability of 0.950, and the remaining 26 patterns for the person a probability
of (1-0.950)/26 ~ 0.002. In contrast, for the condition of J26/N2000, the true attribute patterns
for each person were assigned a posterior probability of 0.700 and other patterns a probability of
(1-0.700)/26 ~ 0.011. This analysis mimics a scenario where the attribute patterns are better estimated
in a smaller sample size condition than in a larger one. In the second analysis, the setting for the patterns’
posterior probabilities was reversed for the two conditions to mimic a scenario where the attribute
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Figure 3. Root mean square error (RMSE) in parameter recovery with three attributes.

Note: sp-CDM: saturated polytomous cognitive diagnosis models; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministicinput, noisy “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption. J: test length;
N: sample size.

patterns are better estimated in a larger sample size than in a smaller one. Finally, the patterns’ posterior
probabilities were set using the results of the original simulation study. Specifically, the mean of the
posterior probabilities for the true patterns across persons was computed for the two conditions—which
are 0.601 and 0.456 for the conditions of J52/N1000 and J26/N2000, respectively—and are used in the
third analysis.

The biases and RMSEs for the additional simulation study are shown in Table 8. It was found that, for
each analysis, the test that was assigned more accurate attribute pattern estimates resulted in better item
parameter estimates (i.e., smaller bias and RMSE), even when the sample size was supposedly smaller.
For example, in the first and third analyses, the biases and RMSEs under J52/N1000 are smaller than
those under J26/N2000. These results demonstrate how more informative (i.e., longer) tests calibrated
with a smaller sample size can produce better item parameter estimates.

7. Real data example
7.1. Data and analysis

The responses in this example consisted of 1,408 middle school students in Hong Kong to a PR
assessment described earlier. The assessment uses 31 multiple-choice items measuring six PR attributes,
namely, (1) prerequisite skills and concepts required in PR, (2) comparing and ordering fractions, (3)
constructing ratios and proportions, (4) identifying a multiplicative relationship between sets of values,
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Table 5. Correctly classified attributes (PCA) and vectors (PCV) (in %) with three attributes and high quality items

Test length/sample size

26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCAl 90.6 86.3 87.2 91.0 86.2 87.3 96.6 Ot 95.4 96.9 91.6 95.4
PCA2 88.9 84.3 82.9 89.4 84.5 82.7 95.7 90.8 92.4 96.1 91.1 92.8
PCA3 88.2 82.5 82.2 88.8 82.6 82.6 95.4 89.7 92.2 95.7 90.2 92.4
PCV 71.9 58.3 58.9 73.2 58.3 59.2 88.4 73.2 81.4 89.3 73.8 81.9
fA-M PCAl 89.7 90.6 81.3 90.6 90.9 81.6 96.5 96.7 88.2 96.7 96.8 88.3
PCA2 86.0 87.4 77.9 87.2 87.7 7.7 94.1 94.6 79.4 94.5 94.8 79.4
PCA3 84.2 86.3 7.3 85.9 86.5 77.2 93.1 93.8 7.7 93.8 94.1 7.9
PCV 65.4 69.1 47.4 68.5 69.7 47.3 84.8 86.2 51.8 86.0 86.6 52.0
pG-DINA PCAl 96.8 95.1 97.0 97.0 95.2 97.1 €05 99.0 99.5 €R.5 99.1 99.6
PCA2 96.1 94.2 96.3 96.3 94.3 96.4 €83 98.9 99.4 €83 98.9 99.4
PCA3 95.5 93.4 95.6 95.6 93.5 95.7 99.1 98.5 99.2 99.1 98.6 99.2
PCV 89.5 83.9 90.0 89.9 84.3 90.2 9789 96.5 98.2 98.1 96.6 98.2

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.

Table 6. Correctly classified attributes (PCA) and vectors (PCV) (in %) with three attributes and moderate quality items

Test length/sample size

26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCA1  79.1 78.2 759 799 784 762 893 87.7 832 902 878 832
PCA2 765 75.5 734 774  76.2 741 871 855 796 883 86.0 80.2
PCA3 750 747 740 767 750 744 8.6 849 813 879 85.0 812
PCV 449 430 409 485 437 416 680 629 522 709 633 52,6
fA-M PCA1 837 8.7 795 852 86.0 797 93,6 942 87.0 941 944  87.0
PCA2 794 821 76.0 812 826 765 905 916 817 914 919 822
PCA3 752 788 753 776 793 754 872 888 810 885 89.2 812
PCV 504 564 451 545 572 457 744 773 563 76,7 780  56.7
pG-DINA PCA1 925 900 929 926 899 928 979 9.7 981 981 96.8  98.1
PCA2 915 84 920 918 8.7 921 976 963 978 978 963 979
PCA3 9.6 871 911 911 877 914 971 956 973 974 958 975
PCV 784  69.5 [ RO 70.3 79.7 932 893 937 938 89.7 94.0

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.

(5) differentiating a proportional relationship from a non-proportional relationship, and (6) applying
algorithms in solving PR problems, among which, the second and third attributes are polytomous with
M = 3 and other attributes are dichotomous. The Q-matrix for the empirical example is provided in
Table 9, where each item requires one to four attributes (i.e., 1 < Kj* < 4). This Q-matrix satisfies the
identifiability conditions by Fang et al. (2019). The sp-CDM, fA-M, and pG-DINA model were fitted to
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Table 7. Correctly classified attributes (PCA) and vectors (PCV) (in %) with three attributes and low quality items
Test length/sample size
26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCA1 73.2 71.8 72.1 74.0 73.9 72.3 84.2 83.6 79.8 85.4 83.9 80.1
PCA2 70.1 69.2 68.8 71.2 70.8 69.9 81.2 80.8 76.1 82.6 81.5 76.7
PCA3 67.1 66.0 66.2 67.9 67.0 67.8 77.3 77.2 74.1 79.2 77.3 74.2
PCV 334 33.0 331 36.3 34.5 34.2 53.2 51.8 43.7 56.9 52.4 443
fA-M PCAl 76.7 79.4 74.6 78.3 79.9 74.8 88.4 89.6 81.0 89.3 89.8 81.2
PCA2 73.3 74.9 T1.7 73.4 75.6 72.3 83.7 85.9 78.8 85.2 86.1 78.9
PCA3 69.7 70.5 69.3 68.8 71.6 69.6 77.8 81.3 75.5 80.4 81.8 75.9
PCV 43.0 43.1 37.5 40.2 44.2 37.9 58.2 63.6 47.6 62.0 64.3 48.0
pG-DINA PCAl 80.6 73.8 82.4 82.0 74.3 82.9 90.9 83.7 91.9 91.6 83.9 92.1
PCA2 80.5 75.3 82.2 81.9 76.4 82.8 91.0 86.4 91.8 91.7 86.9 92.1
PCA3 80.6 74.5 82.4 82.1 75.1 83.0 91.1 84.6 91.9 91.6 84.1 92.0
PCV 56.5 39.9 60.0 59.2 41.1 61.0 7.4 60.3 79.4 79.0 60.5 79.9

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.

Table 8. Additional simulation study: Bias and root mean square error (RMSE)

J52/N1000 J26/N2000
Analysis Bias RMSE Bias RMSE
First 0.003 0.038 0.020 0.101
Second 0.020 0.103 0.003 0.029
Third 0.026 0.134 0.036 0.180

Note: In the first analysis, the posterior probabilities for the true attribute patterns are set to
be 0.95 and 0.70 for the conditions of J52/N1000 and J26/N2000, respectively. In the second
analysis, they are 0.70 and 0.95 for the two conditions, respectively. In the third analysis, the
probabilities are 0.601 and 0.456, respectively.

the data. No monotonicity constraint was imposed in this analysis. The deviance, Akaike information
criterion (AIC), and Bayesian information criterion (BIC) were used to compare the three fitted

models.

7.2. Results

Table 10 shows the number of parameters and the fit statistics (i.e., deviance, AIC, and BIC) for the
sp-CDM, fA-M, and pG-DINA models in the empirical example. All the fit statistics indicate that the
sp-CDM fitted the data the best and the fA-M the worst.

To quantify the discrepancies between the parameter estimates of item j, the root mean squared

difference (RMSD) between any model pair is computed as follows:

L
RMSD;(M1,M3) =y | > wi(Pint, — Piing, )2
I=1
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Table 9. Q-matrix for the proportional reasoning data and the number of parameters under the sp-CDM, fAM, and pG-DINA

model
Item a @ a3 &y a5 ag #Par Item o @ a3 & a5 ag #Par

My M, M; My My M;
1 1 0 0 0 0 1 4 3 4 17 1 2 0 0 0 0 6 4 4

2 1 1 1 0 0 0 18 6 8 18 1 0 2 0 1 1 24 6 16

3 1 0 2 1 1 0 24 6 16 g 1 0 2 1 1 0 24 6 16

4 1 1 1 0 0 0 18 6 8 20 0 0 2 1 1 0 12 5 8
5 1 1 1 0 0 0 18 6 8 21 1 1 1 0 0 0 18 6 8
6 1 0 2 1 1 0 24 6 16 22 1 2 0 0 0 0 6 4 4
7 1 0 0 0 0 1 4 3 4 23 1 1 1 0 0 0 18 6 8
8 1 2 1 0 0 0 18 6 8 24 1 0 2 0 1 1 24 6 16
9 1 0 0 1 0 0 4 3 4 25 1 1 1 0 0 0 18 6 8
10 0 2 0 0 0 0 3 3 2 26 0 1 1 0 0 0 9 5 4
11 1 0 0 0 0 0 2 2 2 27 1 0 0 1 1 0 8 4 8
12 0 0 0 0 1 0 2 2 2 28 1 0 2 0 1 1 24 6 16
13 1 0 2 1 1 0 24 6 16 29 1 0 2 1 1 0 24 6 16
14 1 1 1 0 0 0 18 6 8 30 1 0 0 1 0 1 8 4 8
15 0 0 2 0 0 0 3 3 2 31 1 2 0 0 0 0 6 4 4
16 0 0 2 0 0 0 3 3 2 sum 416 148 254

Note: #Par: number of parameters; M,: sp-CDM, saturated generalized deterministic, input, noisy, “and” gate model for polytomous attributes;
M,: fA-M, fully additive model for polytomous attributes; Ms: pG-DINA, polytomous generalized DINA model.

Table 10. Fit statistics of the sp-CDM, fA-M, and pG-DINA model for the empirical example

Number of parameters
Fitted model Items Population Deviance AlC BIC
sp-CDM 416 143 43360.17 44192.17 46376.13
fA-M 148 143 47983.06 48565.06 50092.79
pG-DINA 254 143 45524.30 46318.30 48402.52

Note: sp-CDM: saturated generalized deterministic, input, noisy, “and” gate model for polytomous attributes;
fA-M: fully additive model for polytomous attributes; pG-DINA: polytomous generalized DINA model.

where M) and M, are pair of models, wj; and L; are the posterior probability of latent group [ and the
number of latent groups for item j based on the sp-CDM, respectively, and Pj, is the success probability
of latent group / on item j based on a model m. Given in Table 11 are the results of RMSD for the 31
items, as well as the average RMSD for the entire test. On the average, fA-M and pGDINA model had
the most similar the item parameter estimates (average RMSD = 0.171), whereas the sp-CDM and pG-
DINA model had the most disparate estimates (average RMSD = 0.230). These results suggest that, at
least for this empirical example, the two reduced model behaved more similarly to each other than they
did to the saturated model. However, this pattern did not necessarily hold for all items. For example, the
discrepancies between fA-M and pGDINA model turned out to be the largest for items 13 and 19.

To better understand how similar and disparate item parameter estimates look like, the side-by-side
success probability bar graphs of two items requiring one dichotomous and one polytomous attributes
are given in Figure 4. Item 17 had estimates that can be considered more similar, whereas item 22
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Table 11. Root mean squared differences between the sp-CDM, fA-M, and pG-DINA model for the empirical example

Item (M1,M) (M1,Ms) (M3, Ms) Item (M1,Ms) (M1,Ms) (M3, Ms)
1 0.24 0.14 0.12 17 0.20 0.25 0.10
2 0.12 0.23 0.20 18 0.09 0.20 0.15
3 0.09 0.28 0.27 19 0.33 0.41 0.36
4 0.22 0.23 0.15 20 0.28 0.36 0.14
5 0.15 0.23 0.14 21 0.31 0.28 0.26
6 0.22 0.35 0.28 22 0.22 0.46 0.33
7 0.28 0.32 0.08 23 0.20 0.15 0.17
8 0.20 0.19 0.21 24 0.29 0.29 0.29
9 0.37 0.25 0.15 25 0.18 0.30 0.19

10 0.12 0.05 0.12 26 0.12 0.13 0.06

11 0.04 0.06 0.01 27 0.21 0.26 0.16

12 0.06 0.05 0.01 28 0.17 0.28 0.25

13 0.31 0.30 0.36 29 0.11 0.15 0.09

14 0.19 0.18 0.25 30 0.39 0.24 0.16

15 0.18 0.16 0.10 31 0.18 0.20 0.07

16 0.19 0.17 0.07 Average 0.20 0.23 0.17

Note: M;: sp-CDM, saturated generalized deterministic, input, noisy, “and” gate model for polytomous attributes; M,: fA-M, fully additive model
for polytomous attributes; M5: pG-DINA, polytomous generalized DINA model.

more disparate. It should be noted that because RMSD is computed using latent group weights, large
differences in the success probability estimates can have a limited impact on the RMSD, and vice
versa. As can be seen from the upper panel, despite having more similar item parameter estimates,
the success probabilities of item 17 for some latent groups (i.e., 10 and 11) can be quite different. In
contrast, the lower panel shows that item parameter estimates for item 22 were quite disparate, and huge
discrepancies the success probabilities for latent groups for 01, 02, and 11 can be found, particularly,
between sp-CDM and pG-DINA model.

The above comparisons were not meant to establish in general the similarities or differences between
the three polytomous CDMs. Rather, it sought to better understand how the three models behave for a
very particular empirical data set, which may provide insights into how future studies can be designed
for the different models to be compared in a more systematic and comprehensive way.

The results can have important practical implications for diagnosing the mastery status of students.
As shown in Figure 4, based on the sp-CDM, latent groups 10 and 11 have slightly higher success
probabilities on item 17 than latent groups 00, 01, and 02. This suggests that mastering the prerequisite
skills and concepts increases the probability of getting item 17 correctly; however, the success probability
for this item is the highest when, in addition to mastering the prerequisite skills and concepts, an
examinee also masters ordering fractions (level 2 of «;). In comparison, again based on the sp-CDM,
the estimated success probability on item 22 is the highest for latent group 12, whereas the success
probabilities for other latent groups (i.e., 00, 01, 02, 10, and 11) are similar to each other, indicating a
conjunctive process for the item. Overall, an examinee should master levels 1 and 2 of the two required
attributes, respectively, to optimize their success probabilities on these two items.

Of the possible 144 latent classes, 25 did not have any student. However, it should be noted that,
although some latent classes had no observations, all the latent groups, from which estimates were
derived, were nonempty, albeit some were small. For example, one of the 24 latent groups of items 3 had
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Figure 4. Success probabilities of latent groups in two items in the empirical example.
Note: sp-CDM: saturated polytomous cognitive diagnosis models; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministic input, noisy, “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption.

an expected size of 7.12. Of the remaining latent classes, 122111 was the largest—about 35.5% of the
students had this attribute pattern. Finally, the individual attribute prevalences were as follows: 88.2%
mastered a1; 16.2% and 68.5% were in levels 1 and 2 of a, respectively; 11.7% and 74.7% were in levels
1 and 2 of a3, respectively; and 75.4%, 70.5%, and 63.5% mastered a4, a5, and o, respectively.

8. Discussion

Finer-grained feedback in the form of polytomous attributes can better inform classroom instruction
and learning. However, the existing CDMs for polytomous attributes are deemed to be not general
enough because most of them focused on a specific and constrained CDM or were proposed with
very stringent assumptions. To this end, a more general framework, referred to as the sp-CDM, was
proposed. The proposed model is a straightforward extension of the pG-DINA model (Chen & de la
Torre, 2013), which itself is generalized from the G-DINA model for polytomous attributes, by relaxing
its SALM assumption and can be formulated using the identity, logit, and log link functions. As such,
the sp-CDM includes all the existing CDMs for polytomous attributes as its special cases. This paper
has also illustrated the relationships between the sp-CDM and the existing CDMs mathematically and
graphically.

In addition to the theoretical illustration, the estimation of the proposed model and the consequences
of using constrained polytomous-attribute CDMs were examined via simulation study. The results
showed that the parameter of the proposed model can be well recovered using the proposed estimation
algorithms. On the other hand, improperly fitting a constrained polytomous-attribute CDM can lead
to poor item parameter estimates and misdiagnosis of students” true mastery levels while unnecessarily
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fitting the complex sp-CDM does little harm to the item and person estimation, particularly when high
quality items were used. Moreover, the PR assessment example demonstrated the applicability of the
proposed model to real data and its advantages over the constrained models.

Despite the promising results, this study is not without its limitations. First, although the simulation
study manipulated several important factors, other relevant factors such as the number of attribute
levels, the distribution of attribute patterns, and the link functions were fixed. Additional simulation
studies are needed in the future to investigate the performance of the proposed model across a wider
range of conditions. For example, the current simulation studies used the same number of attribute levels
(i.e., three) across the items, which might not always the case in practice. Nevertheless, both the model
and estimation algorithms proposed in this work are sufficiently general to apply to varying and a larger
number of attribute levels, as evidenced by the empirical example. It would be interesting for future
studies to extend the simulation design to incorporate attributes with more, as well as varying levels.
This extension would provide useful information on how the increased attribute levels, which will lead
to a greater number of latent classes, affects the sample size and test length required for the parameters of
the proposed model to be estimated accurately. Moreover, this work focused on the uniform distributed
attribute patterns. Future studies can extend the proposed model to other attribute distributions (e.g.,
higher-order distribution; de la Torre & Douglas, 2004), to understand the model performance across
a wider variety of conditions.

Second, it has been recognized that failure to satisfy the Q-matrix identifiability conditions can result
in poor parameter estimates. The existing necessary and sufficient conditions for the identifiability of
CDMs in the literature focus on dichotomous attributes. (For example, see Chen et al. (2015), Chen
et al. (2018), Chiu et al. (2009), DeCarlo (2011), Gu and Xu (2019), Liu et al. (2012), and Xu and
Zhang (2016) for the conditions for the DINA model, and Fang et al. (2019), Gu and Xu (2021), Kéhn
and Chiu (2018), and Xu (2017) for general models.) In contrast, at present, only Fang et al. (2019)
have discussed the identifiability conditions for the Q-matrix for polytomous attributes. However, the
relevant results (i.e., Theorem 4) were limited to the sufficient conditions. To optimize the process of
developing assessments that involve polytomous attributes, further research is needed to establish both
the necessary and sufficient conditions specific to the identifiability of the sp-CDM and potentially its
special cases.

Third, the current work focuses on polytomous attributes used in conjunction with dichotomous
responses. Future research should extend the sp-CDM to also cover polytomous responses (e.g., Ma &
de la Torre, 2020), as well as develop the associated estimation algorithms and computer program to
implement such a model.

Fourth, although it has been noted that a polytomous attribute can be equivalently represented as a
set of linearly structured dichotomous attributes, it is not clear to what extent the equivalence extends to
methodologies that are specifically developed for each attribute type. For example, what modifications
are needed for the empirical Q-matrix validation procedures developed for dichotomous attributes (e.g.,
de la Torre & Chiu, 2016) to be equivalent to Q-matrix validation procedures developed for polytomous
attributes (e.g., de la Torre et al., 2021). Incidentally, a more general Q-matrix validation procedure that
can be used with proposed model needs to be considered in future research.

Finally, this work proposes an MMLE/EM algorithm for estimating the sp-CDM and its special cases.
The results of the simulation study demonstrate that the algorithm provides accurate estimates and is
efficient in estimating the proposed models. However, challenges arise when the algorithm has to deal
with the complexities associated with the sp-CDM in its most general form. For example, the estimation
of standard errors in the saturated models becomes particularly challenging due to often encountered
singular Hessian matrices.

Furthermore, the parameter estimation becomes notably challenging in situations when the sample
size is small relative to the number of attributes and attribute levels. To investigate this, an additional
simulation was conducted with a sample size of 500, maintaining the same settings as the primary
simulation study. The results are given in Figure B.3 and Table B.5 in Appendix B. It was found that,
under K = 3 conditions, item parameter recovery and the PCA and PCV are satisfactory. However,
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for K = 5, although item parameter recovery and the PCA are only marginally acceptable, the PCV
exhibits a significant deterioration, particularly when the item quality was low. The deterioration in the
PCV performance may be attributed to the sparse latent classes—the expected number of individuals
are 18 (500/3°) and two (500/3%) when K = 3 and K = 5, respectively. These findings suggest that the
sp-CDM may not be well suited for stand-alone small-sample settings (e.g., classroom assessment).
Nonetheless, small-sample applications are still possible provided items can be calibrated a priori using
a sufficiently large pool of individuals. In future research, it would be beneficial to explore the use of
alternative estimation procedures such as nonparametric methods (e.g., Chiu et al., 2018) or Bayesian
modal estimation (Ma & Jiang, 2021) to obtain robust person classification when polytomous attributes
and small sizes are involved. It can be noted that small sample sizes impact not only the quality of
item parameter estimates and attribute classification accuracy, but more so the standard error estimates.
Thus, exploring various estimators of the CDM standard errors (Philipp et al., 2018) in the context of
the proposed model need to be considered, particularly when the sample size is small.
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Appendix A

Item parameter estimation for the saturated polytomous cognitive diagnosis model via marginal
maximum likelihood with an expectation-maximization algorithm

This appendix provides details of item parameter estimation in the sp-CDM. Due to space constraints, it focuses on the identity
sp-CDM in particular and the algorithms are ready to be implemented to the sp-CDM with the logit and log link functions.

Based on the IRF of the saturated identity sp-CDM (i.e., Equation (1)) and assuming local independence, the marginalized
likelihood of the data, denoted as L(X), is given by

N N L
L(X) = [TE(Xa) = [T L(Xule, )p(e), (A1)
n=1 n=1[=1
where L(X,) is the marginalized likelihood of the response vector of examinee 1, L(X,|a;,8) is the joint probability of the
examinee’s response vector X, conditional on attribute vectors a; and the item parameters §, and p(a;) is the prior probability
of the attribute vectors ;.
The logarithm of L(X) is

N N L
LL(X) = logL(X) = logHL(Xn) = HlogZL(XV,M,S)p(al). (A2)
n=1 n=1 =1
To find the marginal likelihood equation for § of item j, take
9
—LL(X) =0. A3
38 LX) (A3)

J
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Then,

—LL(X) Z —(logL(Xn))

(L(X)]™ %L(xn) (A4)

b“42

E
Il

[L(X))] Zp(a,) L(X,,|oc1,8).

Mz

H
Il

Assuming local independence, the term L(X,|a;,8) in Equation (A4) is given by

]
L(Xnlar,8) = [TPi(e" ) Qi)' ™, (A5)

j=1

where Pj(«] ) is defined in Equation (1), Q;(«;*) = 1 - P;(a;"), X; = 1 for correct answer of examinee # in item j and 0 otherwise

Hence, the derivative of L(X,|a;,8) becomes

8
L(xn|a,,8) [Pl(al Y Qe ) N P ) Qi (e ) Y P (e )Y (o) Y]
_ ) . L
| TTer (et e | 5 () Qi a) ], (A6)
]

J'#i

where the product is over j/ # j rather than j because the derivation is with respect to &,
The second term in the right hand side of Equation of A6 is

IP;(af ) oy, OQi(ag)' ™
373; x Q(af )Y + Pi(a)’) XT
P.(a* A a*
=?9Pj(a?)*‘10j(af)l"9%+(1—)9)13,-(0;;)’9(3]-(“;)1-’9-1% (A7)
)j )j

(a5 0. (a* l—X]an(a*) XJ'_PJ'(“*)
-V ary S [Pj(al*)q(;?)].

By substituting Equation (A7) to the right hand side of Equation (A6) and rearranging yields

K _|{ VKT O (o 1K KO, 1-X; aP}'(“z*)I: X;—Pi(af) ]
88'L(Xn|“175) = [EP; (&) Qr(ar) :IXPJ(“I )7Qi(ar) 28 | B(ar)Q(a)
/ _x OPj(af X;—Pj(a)")
— Pi(a* XiO). (o V=X I\ [ J J\TI ]
P D5~ | B o)
Pj(“f)[ X - Pi(e) ] (A8)
08 [ P(a)Qay) ]

= L(X,,|061,8)

Substituting Equation (A8) to Equation (A4) yields

Sy Saor s M0 1 |
B = J PANSIVA AN
} :L or;(a}) [ 1 ]iL(Xan,&)p(al) X e)]

J
) ED

L

Pi(ef)Qi(e) L(X,)

1 n=1
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L oP;(af) [ 1 IE .

- X,) [X - P; 20

1; 95 .Pj(“f)Qj(“T)_,;P(“l| ) [%-Bi(a)] (A9)
OP;(af) [ 1 1

e | Zr 0 -p ) S pter )

OP;(af) [ 1 1
L (&) Qi(e) |

[Ri—Pi(a)Ti],

where p(&; [X,) = 71‘(""';2;2))1’(“’)

is the posterior probability that examinee # is in the latent group &, Ry = ¥1_, p(a&;* X, ) Xj is
the number of examinees in the latent group a; expected to answer the item j correctly, and Ty = Y1, p(a;*|X,,) is the number
of examinees expected to be in the latent group «;".

Therefore, the marginal likelihood Equation (A3) can be written as follows:

ian(af) [ 1

2 s, a(a,*>oj(af>][Rf"P"(“’ m=o. (10

Solving Equation (A10) yields the MML estimation of P((x;— ), which can be expressed as

> * R“IT

.
%

To convert the estimates of P(cxl’;) into the item parameters §, the design matrix M; is needed. With M, the estimates of
8 = {805 Sjims - - -» Oikmkrm?s - - > 5j1m12m2.4.1<]*m,\,» }' can be computed as
J

&= (M;M) ' M, (A12)

where P; = {P(a;}f )}. This is identical to the design matrix used with G-DINA model (de la Torre, 2011). Due to the important
role the design matrix M plays in the estimation of the sp-CDM, the following shows how M can be constructed.

Under the sp-CDM, the dimension size of design matrix is M K x Pj, where P; is the number of the parameters of the model
of interest, which is MY when converting f’j to 8J To illustrate, let KX = 2 and M = 3 for item j. This item has one intercept
parameter, four main effect parameters for each level of the two nonzero levels of the required attributes, and four two-way
interaction parameters between the levels of the required attributes, leading to a total of nine parameters. Hence, P = 9 in this
example. The corresponding saturated design matrix is

100000000
110000000
111000000
100100000
Mowo=]100110000], (A13)
110101000
111101100
110111010
111111111

where rows 1 through 9 of M correspond to the latent groups 00, 10, 20, 01, 02, 11, 21, 12, and 22, respectively; columns
1 through 9 represent the intercept followed by the four main effects, and then by the four two-way interaction effect. For
example, the success probability of the latent group 11 (i.e., row 6) is 8jo + 8j1m, + Gjam, + Ojim,2m,» Whereas that of the latent
group 22 (i.e., row 9) is 5]'0 + 6]-1,,1] + 6j1mz + 8j2m1 + (stmz + 6j1m12m, + 6j1m22m, + 6j1m‘2m2 + 6j1m22m2.
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The implementation of the MMLE/EM algorithm is as follows:

Step 1: The expectation (E) step

(1) Use the Equation (A5) and provisional item parameter estimates to compute the likelihood of each examinee’s response
vector at each of the L attribute patterns.

(2) Use the Equation (A1) to compute the likelihood of the whole data. For convenience, the uniform distribution is usually
chosen to initialize the prior distribution, as in, p(&;) = 1/L in the first iteration. In subsequent iterations, the prior distribution
is updated by replacing it with the posterior distribution, which itself is updated at the end of each iteration.

It is not uncommon that many examinees can have the same response vectors to the J items in a data set and the
computations of L(X,|a;,8) are often replicated. To increase the computational efficiency, an alternative way to compute the
likelihood of data starts from grouping the N examinees’ response vectors into 2/ possible response patterns. Let the item
response patterns are denoted as U; (s = 1,...,2/) and the number of examinees possessing response pattern s is given by f;.
The likelihood of data can be calculated as L(X) = [ XL L(Us|e, &) p(oq]ff .

(3) Count the number of examinees expected to be in the latent group &, among M X" latent groups and the number of
examinees in the latent group " expected to answer the item j correctly and use them as the values of Tj; and R; in Equation
(A9), respectively.

Step 2: The maximization (M) step

Solve the likelihood Equation (A3) using the values of T and R;. Because these values depend on L(X,|a;,6), which in
turn, depends on the unknown item parameters, the likelihood equations are implicit and must be solved with an iterative
procedure(e.g., Newton-Raphson procedure).

The E step and M step will be repeated unless certain criteria are met (e.g., the change of likelihood between two successive
cycles is less than 0.001, the maximum number of iterations, say, 100 is reached).

Appendix B

Q-matrix with five attributes and additional results in simulation study

Table B.1. Q-matrix for conditions of five attributes in simulation study

Item o1 o a3 oy o5 Item o o a3 7 73 Item o o a3 7 a5
1 1 0 0 0 0 11 1 1 0 0 0 21 0 0 1 2 1
2 0 1 0 0 0 12 1 2 0 0 0 22 0 0 1 2 2
3 0 0 1 0 0 13 2 1 0 0 0 23 0 0 2 1 1
4 0 0 0 1 0 14 2 2 0 0 0 24 0 0 2 1 2
5 0 0 0 0 1 15 1 0 1 0 0 25 0 0 2 2 1
6 2 0 0 0 0 16 1 0 2 0 0 26 0 0 2 2 2
7 0 2 0 0 0 17 2 0 1 0 0
8 0 0 2 0 0 18 2 0 2 0 0
9 0 0 0 2 0 19 0 0 1 1 1

10 0 0 0 0 2 20 0 0 1 1 2
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Figure B.1. Bias in parameter recovery with five attributes.

Note: sp-CDM: saturated polytomous cognitive diagnosis models; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministicinput, noisy “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption. J: test length;
N: sample size.
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Figure B.2. Room mean square error (RMSE) in parameter recovery with five attributes.

Note: sp-CDM: saturated polytomous cognitive diagnosis models; fA-M: fully additive model for polytomous attributes; pG-DINA: generalized
deterministicinput, noisy “and” gate model for polytomous attributes with the specific attribute level mastery (SALM) assumption. J: test length;
N: sample size.
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Table B.2. Correctly classified attributes (PCA) and vectors (PCV) (in %) with five attributes and high quality items
Test length/sample size
26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCAl 86.8 84.1 79.6 87.3 84.4 79.7 94.7 92.2 86.2 94.8 92.0 86.4
PCA2 80.3 79.1 76.8 81.1 79.9 76.7 90.0 88.2 80.6 90.4 88.1 80.4
PCA3 87.6 84.8 84.3 88.5 84.9 84.1 95.4 92.8 92.9 95.7 92.7 93.0
PCA4 78.8 75.6 77.8 80.2 75.6 78.1 88.6 84.4 82.0 89.5 84.0 81.5
PCA5 77.8 73.2 77.5 79.3 72.8 77.6 87.5 81.3 80.9 88.6 81.4 80.5
PCV 38.1 30.0 30.7 40.7 30.4 30.8 63.6 50.8 41.6 65.6 50.1 41.1
fA-M PCAl 87.6 88.0 79.8 88.2 88.3 79.2 94.9 95.0 82.2 95.2 95.3 82.4
PCA2 80.9 81.1 79.0 81.4 81.8 78.9 89.6 89.8 79.9 90.0 90.0 80.0
PCA3 84.4 86.1 79.9 85.6 86.7 80.0 93.1 94.0 84.4 93.8 94.1 84.4
PCA4 7.4 79.9 78.7 78.1 80.3 78.3 85.9 88.8 78.1 87.9 89.0 77.9
PCA5 78.2 80.8 .7 79.8 81.5 .7 87.4 89.8 78.5 89.1 89.9 78.3
PCV 36.1 39.8 30.0 38.5 41.3 29.8 59.3 64.3 323 63.2 65.0 324
pG-DINA PCAl 95.8 95.1 95.9 95.8 95.2 96.0 99.3 99.1 99.3 99.3 99.2 99.4
PCA2 92.5 92.3 92.9 92.8 92.6 93.1 97.7 97.6 97.8 97.7 97.7 97.8
PCA3 94.5 93.3 94.9 94.7 93.2 95.0 98.7 98.0 98.8 98.7 98.0 98.9
PCA4 92.8 84.6 93.3 93.2 83.9 93.5 97.0 96.2 97.2 97.0 96.2 97.2
PCA5 92.8 79.6 93.3 93.1 7.4 93.5 96.9 95.9 97.1 97.1 96.3 97.3
PCV 73.1 54.7 74.6 73.9 52.8 75.0 90.1 87.5 90.7 90.3 88.0 91.0

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.
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Table B.3. Correctly classified attributes (PCA) and vectors (PCV) (in %) with five attributes and moderate quality items

Test length/sample size

26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCAl 75.1 75.0 73.4 76.3 76.0 183 86.2 85.8 795 86.8 85.9 79.2
PCA2 69.5 67.3 70.0 70.4 67.2 70.1 79.1 77.9 75.2 80.5 78.2 5%
PCA3 72.9 74.3 73.4 74.5 75.0 7855 84.6 84.7 81.1 86.1 84.9 81.0
PCA4 68.1 69.5 70.1 69.1 69.3 70.3 80.6 79.8 76.4 80.3 79.9 76.6
PCA5 67.4 67.3 69.6 68.5 67.3 70.1 76.7 76.5 75.5 78.4 76.7 153
PCV 18.5 17.1 173 19.2 17.3 18.8 351 339 27.1 385 34.2 27.0
fA-M PCAl 78.8 80.0 75.1 80.2 80.8 75.2 89.0 89.5 78.5 89.7 89.9 78.5
PCA2 73.0 73.3 73.2 73.8 74.0 73.5 83.0 83.7 7.8 83.9 84.2 e
PCA3 76.2 79.5 75.7 78.2 80.3 75.8 87.2 89.6 82.2 88.7 89.7 823
PCA4 68.5 71.5 123 69.7 72.5 72.4 76.9 81.2 74.9 79.2 82.2 74.8
PCA5 69.0 71.5 724 69.4 72.3 72.4 76.5 80.6 74.4 78.5 81.6 74.2
PCV 20.7 24.2 21.6 22.4 25.5 21.9 37.8 44.3 27.0 41.6 45.9 27.1
pG-DINA PCAl 91.1 90.2 91.3 91.4 90.5 91.5 97.6 96.9 97.7 97.7 96.8 97.7
PCA2 85.8 85.3 86.2 86.1 85.5 86.5 94.3 94.0 94.4 94.4 94.0 94.5
PCA3 88.0 85.5 88.8 88.5 85.5 89.0 95.9 94.2 96.2 96.1 94.4 96.3
PCA4 84.5 74.6 85.8 86.0 73.8 86.5 92.0 90.8 O285) 92.4 91.0 92.7
PCA5 85.0 73.3 86.1 86.3 71.6 86.9 92.0 88.5 O285) 92.3 87.9 92.6
PCV 51.3 35.8 53.7 53.7 34.7 55.0 75.5 69.2 6.7 76.4 68.9 7.0

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.
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Table B.4. Correctly classified attributes (PCA) and vectors (PCV) (in %) with five attributes and low quality items
Test length/sample size
26/1000 26/2000 52/1000 52/2000
Gen EC 1 2 3 1 2 3 1 2 3 1 2 3
sp-CDM PCAl 72.8 2.7 717 74.1 73.7 71.8 84.2 83.6 78.5 84.7 83.8 78.3
PCA2 67.9 65.0 68.2 68.9 65.2 68.2 76.9 75.5 73.5 7.9 75.9 73.5
PCA3 70.4 71.6 71.2 71.8 72.3 71.5 82.0 82.3 79.0 83.4 82.6 79.1
PCA4 65.5 66.8 67.9 66.8 67.4 68.2 78.6 77.0 74.6 77.1 7.5 74.5
PCA5 65.2 65.5 67.3 66.1 65.5 67.9 75.7 75.6 73.8 76.1 76.2 74.0
PCV 16.1 145 16.0 16.6 15.0 16.4 31.0 30.1 24.6 329 30.7 24.6
fA-M PCAl 74.2 75.7 72.5 75.5 76.4 72.6 85.4 86.1 78.9 86.1 86.4 79.0
PCA2 66.9 69.5 68.1 68.0 68.0 68.3 75.9 76.7 73.8 77.2 T7.7 74.0
PCA3 69.3 73.0 70.4 71.0 73.8 70.9 80.5 83.7 7.7 82.3 84.0 77.8
PCA4 64.3 67.4 67.3 65.7 68.2 67.6 72.6 76.3 72.8 74.4 77.1 72.9
PCA5 62.1 68.6 66.5 64.0 67.1 67.1 69.7 73.7 70.7 713 74.3 70.8
PCV 13.8 16.8 15.8 15.4 17.9 16.1 26.4 31.6 23.2 29.3 32.8 23.2
pG-DINA PCAl 80.2 7.2 80.8 80.7 7.4 81.0 90.2 87.2 90.5 90.7 87.5 90.8
PCA2 76.5 70.5 77.0 76.8 70.0 77.2 85.5 82.6 85.8 85.8 82.7 85.9
PCA3 7.7 75.4 79.3 79.0 75.4 79.9 88.8 85.6 89.6 89.4 85.7 89.8
PCA4 72.5 69.7 74.9 74.2 69.2 75.7 83.0 81.4 84.0 83.7 81.7 84.4
PCA5 73.0 68.2 75.2 74.5 67.5 75.8 83.0 78.2 84.0 83.8 76.8 84.3
PCV 27.9 19.1 30.6 30.0 18.6 31.7 49.6 39.4 51.6 51.3 39.0 52.4

Note: Gen: Generating model; EC: Evaluation criteria; 1: sp-CDM; 2: fA-M; 3: pG-DINA; PCAk: PCA of attribute k.
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Figure B.3. Results of parameter recovery for the sp-CDM with N = 500.
Note: sp-CDM: saturated polytomous cognitive diagnosis models; J: test length; N: sample size.

Table B.5. Correctly classified attributes (PCA) and vectors (PCV) (in %) for the sp-CDM with N = 500

K=3 K=5
26/500 52/500 26/500 52/500
EC H M L H M L H M L H M L

PCA1 893 760 701 9.1 878 820 857 735 712 942 848 827
PCA2 87.6 732 669 953 840 T71.7 79.1 686 67.1 89.4 780 758
PCA3 868 725 642 949 846 T44 86.6 707 692 947 820 798
PCA4 = = = = = - 778 669 635 872 767 137
PCA5 = = = = = - 76.6 662  63.2 862 755 726
PCV 685 406  30.1 872 628 4715 352 157 134 60.1 314 267

Note: sp-CDM: saturated polytomous cognitive diagnosis models; EC: Evaluation criteria; H: High quality items; M: Moderate quality items; L:
Low quality items; PCAk: PCA of attribute k.
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