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Abstract—Intelligent learning (iLearning) represents a holis-
tic approach to e-learning that dynamically aligns instructional
materials with individual learner needs. Within the iLearning
framework, the cognitive diagnosis model (CDM) serves as a
cornerstone technology by inferring human cognitive states from
diagnostic test response logs. Traditional CDMs typically treat
cognitive states as learnable parameters, optimizing them through
a score prediction-driven paradigm. However, this approach falls
short in the nonidentifiability problem of diagnostic outputs and
lacks efficiency in instant diagnosis for incoming learners. These
limitations pose a significant challenge to the individual fairness
and utility of cognitive assessments. In this study, we introduce
a novel generative diagnosis paradigm designed to resolve these
limitations. By enabling the inductive inference of cognitive states
without the need for parameter reoptimization, our generative
approach ensures strict identifiability and addresses the low effi-
ciency of optimization-based diagnosis. We present two streamlined
yet powerful instantiations of this paradigm: generative item re-
sponse theory and the generative neural cognitive diagnosis model.
Extensive experiments on real-world datasets confirm that our
methodology significantly outperforms traditional models, offer-
ing superior scalability and reliability. Ultimately, this generative
framework provides a robust foundation for the development of
next-generation iLearning environments.

Index Terms—Cognitive diagnosis (CD), fairness, intelligent
learning (iLearning), psychometrics, user modeling.
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I. INTRODUCTION

NTELLIGENT learning (iLearning) encompasses a mul-
Itifaceted approach to modern education [1], [2], [3], [4],
as shown in Fig. 1. It can be seen as one type of holistic
e-learning that matches learning materials with user needs [5].
At its core, iLearning is characterized by allocating resources
according to the demands of learners with the aid of information
and communication technology, providing learners with better
learning management to meet the needs of mobile and ubiquitous
learning, and promoting personalized and adaptive learning [4].
This pedagogical model operates through a collaborative frame-
work that distinguishes itself from traditional instructional meth-
ods. Specifically, iLearning employs “pull learning,” a student-
centered paradigm in which learners actively “pull” learning
content according to their own schedules and locations, contrast-
ing sharply with conventional “push learning” models where ed-
ucators transmit predetermined content to passive recipients [6].
The cornerstone of “pull learning” lies in fostering collaboration
and mutual resource sharing among the student community, a
capability substantially enhanced through the implementation
of Web 2.0 technologies that form the foundation of Education
3.0 [5]. This is partly based on the assumption that learners are
aware of their own needs, as well as motivated and capable of
engaging with ICT tools.

Along this line, cognitive diagnosis (CD) is a significant
task in iLearning, which aims to model latent and complex
cognitive states of human learners via mining their response
data on diagnostic tests [7], [8], [9]. Stemming from educational
measurement, CD has been widely applied in various evaluation
scenarios, such as student knowledge proficiency modeling [10],
[11], computerized adaptive testing [12], [13], and model evalu-
ation [14], [15]. Fig. 2 presents two typical cognitive diagnosis
models (CDMs), the item response theory (IRT) model [16],
[17] and the neural cognitive diagnosis model (NCDM) [18].
Given question data and response data, CDMs utilize parameter
estimation algorithms to fit response scores and optimize learner
and item parameters. Learner parameters are then presented as
diagnostic outputs. The IRT models learner ability as a single
variable, whereas NCDM models learner ability as knowledge
mastery degrees. Compared to explicit evaluation techniques,
such as the classical testing theory [19], [20], CD enables
a deeper understanding of the cognition construction of test-
takers, providing clearer guidance on the ability development
of test-takers. Therefore, how to design fair and efficient CDMs

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
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Fig. 1. Overview of intelligent learning (iLearning), from [1].

that yield consistent diagnoses for students with similar abilities
has become a significant research question.

Challenges: The design of CDMs has focused on appropri-
ately modeling latent cognitive states via accurate fitting of
response data. Researchers emphasized designing an appropriate
interaction function [or item response function (IRF) in IRT] for
CDMs to predict response data as accurately as possible [18].
For instance, the IRT uses a logistic function to predict response
data given the random variable representation of learner traits
and item attributes. In this study, this paradigm is called the
transductive prediction paradigm. However, the transductive
prediction paradigm of CD confronts the following inevitable
challenges.

1) A lack of fairness for diagnostic outputs due to noniden-
tifiability: The diagnostic results of CDMs violate the
basic principle of fairness due to the nonidentifiability
problem [21]. For example, Alex and Paul have identical
response score records, as presented in Fig. 2. However,
CDMs cannot provide equivalent diagnostic results for
these learners despite their equivalent performance. This
inequitable treatment creates unjustified advantages or
disadvantages in educational decisions and interventions.
This systematic unfairness directly undermines the relia-
bility of CD.

2) Unable to diagnose instantly for incoming learners: When
new learners come for CD, the CDM has to be retrained
from scratch to update the cognitive states [22], [23].
This can lead to a long time latency (=~ 5.5 h for 832
sequentially arrived incoming learners; see Fig. 3) and
high computational cost (requires retraining the whole
model) and can lead to inconsistency for existing learner
cognitive states before and after retraining, potentially
introducing unfair assessment disparities across time.

Beyond these structural limitations, the effectiveness of cog-
nitive modeling is further complicated by the diverse profiles of
the learners. Individual differences, such as the distinction be-
tween deep learners who seek underlying principles and surface
learners who focus on rote memorization, necessitate diagnostic
models that can capture nuanced learning approaches [24]. Fur-
thermore, the actual receptivity and usage of iLearning platforms

are influenced by a complex interplay of learner readiness,
performance, trust, interactivity, and ethical awareness [25].
Integrating these human-centric factors into CDMs is essential
for ensuring that automated diagnoses are not only accurate but
also aligned with the psychological and ethical realities of the
modern learner.

Motivation and Contribution: In this study, we seek to ad-
vance the field by transitioning from traditional predictive CD
to a generative CD paradigm. We extend the identifiable cogni-
tive diagnosis model (ID-CDM) [26] into a flexible generative
framework that fundamentally disentangles cognitive state in-
ference from response data prediction. Within this architecture,
the standard transductive prediction paradigm is repurposed as
a modular component of a broader generative process, effec-
tively addressing the aforementioned challenges. Specifically,
to mitigate fairness concerns, our framework integrates iden-
tifiability and monotonicity conditions to ensure more reliable
and equitable diagnostic outcomes. Furthermore, the paradigm
facilitates instant diagnosis by enabling inductive inference of
cognitive states, thereby bypassing the need for computationally
expensive parameter reoptimization for new learners. We pro-
vide two concrete instantiations of this approach: generative item
response theory (G-IRT) and the generative neural cognitive di-
agnosis model (G-NCDM). Extensive experiments on real-world
datasets demonstrate the effectiveness of our methods, which
we believe will serve as a robust foundation for future iLearning
environments.

II. RELATED WORK
A. Cognitive Diagnosis

Traditional CDMs predominantly follow a transductive
paradigm, treating learner cognitive states as learnable em-
beddings optimized through response score prediction. Within
iLearning ecosystems, these models serve as the engine for
personalization, transforming raw interaction logs into the ac-
tionable insights required to align educational content with
learner needs. Early discrete models, such as DINA [27], assume
binary knowledge mastery, while continuous models, such as
IRT [28], [29], represent learner ability #; and question pa-
rameters (a;, b;) via logistic interaction functions, typically de-
fined as P(r;; = 1|6;,a;,b;) = WM*%)}' Parameters
in these frameworks are estimated using statistical inference
methods, such as Monte Carlo Markov Chain (MCMC) [30],
[31] or variational inference (VI) [32]. Multidimensional exten-
sions (MIRT) [16] and deep learning-based approaches have
further enhanced diagnostic precision. For instance, NCDM
[18] utilizes neural networks to model complex learner—item
interactions, while recent advancements [33], [34], [35] incor-
porate context-aware features and knowledge graphs. Despite
their accuracy, these models rely on a transductive bottleneck:
cognitive states are tied to parameter optimization during score
fitting. This often results in non-identifiability and necessitates
computationally expensive retraining for new learners. Such
limitations in fairness and scalability pose significant hurdles
for the deployment of reliable, real-time CDMs for iLearning
environments.
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B. Generative Model

Generative modeling [36], [37], [38], [39] has revolutionized
diverse domains by learning underlying data distributions to syn-
thesize novel, high-fidelity samples. Fundamental frameworks,
such as variational autoencoders [40] and generative adversarial
networks [41], established the groundwork for probabilistic
latent variable modeling and adversarial training. In computer
vision, diffusion models [42], [43] have achieved state-of-the-art
performance by formulating generation as a reverse denois-
ing process: pg(z¢_1|m;) = N (24_1; pg(w¢, ), 021). Simulta-
neously, natural language processing has been transformed by
Transformer-based architectures, such as BERT [44], which
leverage masked language modeling to encode bidirectional
context via P(x;|mask) = softmax (W - h; + b). In the field of
recommender systems, architectures, such as U-AutoRec [45]
and collaborative denoising autoencoders (CDAE) [46], recon-
struct user—item interaction matrices to capture personalized
preferences, often employing user-specific noise terms. Despite
these cross-domain successes, the generative paradigm remains
largely underutilized within the CD community. In the con-
text of iLearning, generative models offer profound potential:
by treating cognitive states as latent variables within a gen-
erative framework, systems can perform inductive inference
rather than transductive optimization. This transition allows
iLearning environments to achieve instantaneous, identifiable,
and fair diagnostic outputs for new learners without model
retraining.
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III. PRELIMINARIES

In CD, we use S to represent the learner set, F to represent
the item set, and D = {(Si, €j, yu)'Sz es, e; € By € R} to
represent the response score set, respectively. y;; represents the
response score of s; on e;. In the classical setting of CD, response
scores are binary. This is common in objective test items, such
as multiple-choice questions. For subjective test items, response
scores are usually on an ordinal scale.

Meanwhile, the learner latent trait set is represented by ©. The
item attribute set is represented by W. One basic assumption in
CDis that © and ¥ decide response scores. Unfortunately, © and
U are unobservable. So, CD models first assume the interaction
between learner latent traits and item attributes via a well-defined
IRF, then find the optimal latent variables by fitting response
score data. Formally, the CD task is defined as follows.

Definition 3.1. Cognitive diagnosis: Given the learner set .S,
item set F, and response score set D, the goal of CD is to find
the actual learner cognitive states ©* and test item attributes U*
that can accurately reconstruct the response scores, i.e.,

O, U" = arg in B, e;,y:)~D (£ (yij, fal0i;95))] (1)

where L is the loss function and fq is the IRF.

For instance, in two-parameter item response theory (2PL-
IRT) models, each learner trait 6, is a random variable represent-
ing its overall ability, while each item attribute 1; = (a;, b;) is
a pair of random variables representing its discrimination level
a; and difficulty level b;. The IRF is

(IRT)
£ (05545) 1+ oxp(—a, (6 — b)) 2

The IRF output is viewed as the probability of a successful
binary response score (i.e., y;; = 1). Therefore, the distance
metric LX) is the negative log-likelihood function. That is

£y, §) = —[ylogg + (1 —y)log(1 = 7). ()

In previous research, the estimation of latent variables de-

pends on directly applied parameter estimation algorithms, such

as the MCMC for distribution estimation of cognitive states or
gradient descent (GD) for point estimation of cognitive states.

A. Fairness Requirements of Diagnostic Results

Definition 3.2. Identifiability in CD: Let B = {0, U} be
diagnostic results, where ©® and ¥ denote learner cognitive
state and item attribute, respectively. Let {firr(0;%) : © x
U — {0,1}|0 € ©,1 € U} be a response function family that
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Fig. 4. Overview of (left) the classic transductive prediction paradigm and (right) the new generative diagnosis paradigm.

simulates the learner—item interaction. Then, yz(-s) = firr(0i;+)
denotes the score distribution of learner with trait ¢;. y,(:) =
fr(:;4k) denotes the score distribution of item with feature
1. Then, the diagnostic results are identifiable if and only if
their distinct values lead to a distinct distribution of scores.

Specifically, this is formalized as follows:

in the required knowledge components [18]. Formally, the as-
sumption is expressed as follows:

0,V - 0;) o yy >y Vsis;, €8 ee€E (6)

where ;) represents the specific mastery level of learner s;
regarding the knowledge concepts associated with question e;.

In transductive CDMs, satisfying this assumption typically
relies on the inherent monotonicity of the interaction function

Y'Y = ygﬂ —~6,=6, (4) [18]. Traditional models, such as DINA [27] and IRT [29],
© © utilize linear interaction functions that naturally adhere to this
Y, =y, = Y= (5)  property. Conversely, in neural-based CDMs, such as NCDM

Diagnostic results are identifiable if both (4) and (5) are satisfied.

For example, as presented in Fig. 2, Alex and Paul have the
same response score distribution. According to the identifiability
requirement, Alex and Paul should have equivalent cognitive
states. However, none of the diagnostic reports of IRT and
NCDM show equivalent cognitive states for them. As a result,
the diagnostic reports are unidentifiable. In real-world scenarios,
the nonidentifiability problem makes diagnostic results unfair to
individuals.

Definition 3.3. Explainability in CD: We define the explain-
ability of CD as the degree to which diagnostic results accurately
represent a learner’s genuine cognitive state.

To illustrate, if a learner is proficient in the concept of “In-
equality,” their diagnosed trait value for that concept should
be sufficiently high to reflect their actual mastery. However,
ensuring explainability directly is challenging since true mastery
levels remain latent and unobservable. Consequently, in CD-
based modeling, explainability is typically addressed indirectly
through the monotonicity assumption [16], [18].

Definition 3.4. Monotonicity Assumption: This principle
posits that a learner’s probability of correctly solving a problem
is a monotonically nondecreasing function of their proficiency

[18], monotonicity is enforced by constraining the interaction
function’s weights to be nonnegative.

IV. GENERATIVE DIAGNOSIS PARADIGM

To address the limitations of transductive models, we propose
a generative diagnosis paradigm that reframes CD as a represen-
tation learning problem (see Fig. 4). This framework consists
of two stages: a generative diagnosis stage, where a learnable
generative diagnosis function (GDF) maps raw response scores
directly to cognitive states, and a score reconstruction stage,
which utilizes an IRF to recover the original scores. By es-
tablishing a functional mapping rather than relying on iterative
parameter fitting, the GDF ensures structural identifiability and
facilitates inductive inference. This allows the model to maintain
diagnostic consistency across identical performance profiles and
provide real-time results for new learners without the need for
computational reoptimization.

A. Generative Diagnosis Function

The generative diagnosis is accomplished via a well-defined
GDF. The GDF takes response scores as input, then directly
generates cognitive states according to the input and its inner
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parameters. Formally, GDF itself is represented by g4 : R —
© x W, parameterized by ¢. Here, Z denotes the scale of the
input data. GDF outputs the latent traits via a generation process
from response score data

i, = gs (y() y§)> 7

(s) represents all response scores related to learner s;,

K2
and y](-e)) represents all response scores related to item e;.
Overall, the GDF includes two steps: 1) data aggregation and
2) feature generation. The first step aggregates the sparse, huge
response score data into a denser and smaller representation
for the next step. The second step then extracts latent trait and
item feature information from the condensed representation to
generate diagnostic outputs. We will show how this process
works using a specific instantiation of the generative diagnosis
paradigm in the following sections.

By shifting cognitive state estimation from parameter estima-
tion to diagnostic generation, the goal of CD shifts from finding
the optimal © and ¥ to finding the optimal GDF, parameterized
by ¢. Moreover, the cognitive state diagnosis process is disentan-
gled fromthe score prediction process in the inference stage. This
enables two significant advantages of the generative diagnosis
paradigm compared to the transductive prediction paradigm.

1) Efficacy in diagnosing new-coming learners: When new
learners come, their cognitive state estimation could be
instantly obtained by directly inputting their response
scores to the GDF and running the generation process,
without retraining the whole model.

2) Fairness in latent trait estimation: The stable generative
diagnosis process ensures that diagnostic outputs are rig-
orously identifiable. In addition, this benefits the explain-
ability and causality between response data and cognitive
states generated by GDF.

here y

B. Item Response Function

The IRF defines the interaction relationship between learner
traits and item features, which is mathematically identical to the
transductive prediction paradigm. Formally, IRF is represented
by fo : © x ¥ — R, parameterized by ). IRF then outputs the
prediction of the response score from latent traits

Yij = fa(0i;4;). (®)
Within the whole generative CD paradigm, the IRF plays an
assistant role in helping the learning of the GDF via response

score reconstruction, rather than dominating the latent trait
estimation.

C. Optimization of Generative CDMs

Given the GDF and the IRF above, the training of a generative
CDM becomes a parameter optimization task, similar to the
classical CD in Definition 3.1. Differently, the training and
diagnosis are disentangled in generative CDMs—the model does
not need to retrain to get new diagnostic outputs. Here we give
a formal definition of the optimization goal.

Definition 4.1 (Optimization Goal of Generative Diagnosis
Paradigm): Given the GDF g, the IRF fq, the learner set
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S, the item set F, and the response score set D, the goal of
the generative diagnosis paradigm is to optimize the generative

diagnosis process 0;,; = g¢(y§5); ;e)
function parameter ¢* and 2* such that

P = afglgijl E(s, e, pi)~D [£ (Yij, fa(0i55))] . (9)

To demonstrate the universality of the proposed paradigm, we
instantiate it within two distinct and representative CD frame-
works: the classical IRT and the modern NCDM. These imple-
mentations, denoted as G-IRT and G-NCDM, respectively, serve
to verify the paradigm’s adaptability across different modeling
architectures (probabilistic versus neural). In the following sec-
tions, we detail the specific formulation of these instantiations,
beginning with the integration of the generative mechanism into
the IRT framework.

) by finding optimal

V. G-IRT: GENERATIVE IRT

In this section, we introduce the G-IRT, which could obtain
learner and item traits via feature generation without changing
the original IRT structure. An overview of G-IRT is presented
in Fig. 5.

A. Challenges in Latent Trait Estimation of IRT

IRT is a classical CDM that utilizes machine learning tech-
niques to optimize learner and item parameters. Challenges in
latent trait estimation include controllability and efficiency. The
controllability challenge lies in the interdependence of latent
traits during the estimation process. To jointly estimate respon-
dent and item parameters, various estimation algorithms, such
as MCMC, VI and GD, were applied to the estimation of IRT
parameters [32], [47], [48]. However, it is nontrivial to interpret
and control the relationship between latent traits and specific
score distributions because parameters are deductively learned.
The efficiency challenge lies in the incremental estimation of
respondent traits, which is common in the deployment phase of
an IRT model. Every time a new learner arrives, the IRT model
needs to be retrained. The accumulated time cost could be high
when the number of new respondents is huge.

B. GDF of G-IRT

We demonstrate the GDF of G-IRT using 2PL-IRT. In the
traditional 2PL-IRT, the IRF is defined as
1
P 17 01'7 j y bj) = .
(y]| aj J) 1+6Xp(—aj(0i _bj))
Ideally, if we know the values of two of the three latent traits 6;,
aj,and by, together with the correct probability, we could induce

(10)
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the last latent trait. Formally, we first use the sigmoid function
symbol o(x) = 1/(1 + e~*) to simplify the IRF representation.
Through equivalent transformation of the IRF, we can represent
any of the latent traits by the rest of the latent traits with the
scoring probability, as shown in the following equations:

0; =bj + Lj), if Pj;,a;,b; are known

(11)
a;
~1(p..
aj = M, if P;;,b;,0; are known (12)
6~ b;
-1(p..
b = 6; — %. if P;;,0;,a; are known. (13)
j

Practically, the calculation of (11)—(13) is nontrivial because
we have no information about the latent traits. The only evidence
we have is the learners’ score matrix. However, an approximate
induction of latent traits can be efficiently achieved using G-IRT.
The core intuition is to resolve the interdependence of latent
traits by introducing “proxy parameters” in the GDF. These
proxies serve as the learnable inputs that drive the feature
generation process. Specifically, they act as stand-ins for the
unobserved priors required in the analytical inversions [see
(11)—(13)]. By replacing unknown true traits with these learnable
proxies, we decouple the estimation, allowing parameters to be
generated via a direct forward pass. Note that these proxies are
auxiliary variables for the generative process and are distinct
from the final diagnostic learner/item traits.

In G-IRT, we first define the latent trait estimation conditioned
on proxy parameters as follows:

)\Rij

0i(wj,wf) = wi+ — (14)
J
AR
0 b (2
(Wl W) = | = 15
a‘](wz w]) wig_wg ( )
AR;;
bj(wi,wf) = wf — = (16)

J

where A € R is a hyperparameter. In this definition, o~ *(P;;)
is approximated by AR;;. w?, w, and W are the proxy pa-
rameters for estimating latent traits. Now the problem is, for
each observed R;; # 0, we can calculate an estimated value,

namely, 6; (w¢, w;’). We aim find a general ; that can minimize

its distance between every 67,7 = 1,2,..., M. Our goal is to
A . a , .b\\2
0, = arg min Z (0 —0i(wj,w)))" (17)
J:Rij#0

We can establish similar goal for a; and Ej. The solution of
them is

6 — — > 0w, W) (18)

Z’IZ(S) j:Ri]‘ 750

where ZZ-(S) = E]]Vil I(R;; # 0). Similarly, for item parame-
ters, we have the following optimal estimation:

1
© Z aj(wf,w?)
Z] i:Rij#O

19)

aj:

Algorithm 1: Training of G-IRT.
Input: D = {(si,ej,yij)|si S S, e; € E»yij S ]R}, the
training dataset
Output: g4, the GDF of a trained G-IRT
1: Initialize g4;
2:forepochinl...7 do
3: for (Si»ejvyij) € Ddo
4y [yiyld : (siveyyip) € D
> Obtain the learner response vector for s;
5: y§e) — [yi’jli/ : (si/,ej,yi/j) S D;
> Obtain the item response vector for e;
6 Oia;,b; = go(w s u):
> Stage 1: Feature generation for learner and item
7 Gy fUED(0;,a5,b5);
> Stage 2: Score reconstruction using IRT

8: end for
9: gy < update(L(y, ), 9¢):
> Update GDF using gradient descent
10: end for

11: return g,;

Algorithm 2: Instant Diagnosis Using G-IRT.

Input: g4, the GDF of a trained G-IRT; D;, the response
scores of a new-coming learner s;

Output: 6;, the learner ability value

1: ygs) < transform(D;); >>Transform the D, into
response score vector, which scores indexed by item
IDs.

20 0 g (y"):

3: return6;;

>Generative diagnosis

b =

Z bj(wieaw;l)'

© (20)
Z] iZRi_j #0

To formalize these definitions to GDF, we first replace the
response log R;; € {—1,0,1} with y;; € {0,1}. Since R;; =
1 denotes correct response, I2;; = 0 denotes no response, and
R;; = —1 denotes incorrect response, we have I;; = 2y;; —
1IVR;; # 0. R;; = 0 means y;; does not exist in the log. As a
result, we can define the GDF of G-IRT as follows:

M2yi;—1)
9’ = 1 . s |:wb (JL ]
S ZJW@'J‘QUE A w¢
(s)., (e)y — — _1 A(2yi;—1)
90 (Y; Y5 )=q% Iy;“)‘ Zi:yUEy;” wI—o?

bj= o 2

1’|

6 ARG
i'y-E?(E) |:wi o w‘.‘J]
"Yij SY; j
2D

where ¢ = (w?,w?, wP) is also the optimization target of the
GDF. The training and diagnosis algorithms of G-IRT are shown
in Algorithms 1 and 2, respectively.

0
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C. Analysis of G-IRT

1) Controllability of Parameter Estimation: A common as-
sumption of IRT is that latent traits follow a specific but unob-
served distribution. For traditional IRT models, setting an appro-
priate prior distribution for latent traits (e.g., standard Gaussian
distribution for #) could control the posterior distribution of
them to control their scale. Controllable scale help learners to
understand their relative ability compared to the whole learner
group. For G-IRT, however, the scale of latent traits is decided by
the GDF parameter ¢ rather than their prior distribution. Here,
we analyze how to control the scale of ¢ to control the parameter
scale of 6, a, and b.

For convenience, we assume that every [R;; is nonzero.
We further assume the following hyperparameters: let
wé? S (5mina Emax)mj = ]-7 e 7M’ let wie € (ﬂminaﬂmax)ai =
L,...,N,and letw§ € (¢,¢),j =1,..., M.

Parameter scale of 0;: We start with discussing the range of
the respondent parameter 6;. For the upper bound of 6;, we have

1 1
T

j=1 "7

A
0; <wp+ A < Bmax + —- (22)
€

We aim to limit the range of 0; within (0.in, Omax ). Similarly,
we can obtain the lower bound of #. By applying them to the
range (p, q), we get the constraint of A

A S min{e(emax - ﬁmax)7 6(ﬁmim - 9111in)}~ (23)

Parameter scale for cold-start setting: A significant advantage
of G-IRT is its utility in cold-start learner modeling. Consider a
new learner with its response score that has never been observed
in training data. The G-IRT could directly input its response
score vector to the GDF to obtain its ability. However, the cold-
start performance of G-IRT is not only decided by its training
procedure, but the hyperparameter setting. Considering this, we
aim to appropriately set the hyperparameters of G-IRT so that it
can at least handle some special cases. Specifically, we discuss
a special case of all-correct response data, i.e., R = 1. The
anticipated learner ability should always be greater than the item
difficulty. By computing these values, we have

1 , 1
GZ:MZ“’“LM‘ — (24)
j=1 =1 "7
N
1 0 1
b; = NZ“’Z‘ —h— (25)
1=1 J
. 1 &1
Hi—bj:wb—OJg-f‘)u 7—"—* o (26)
3 Mj,: w

We expect that (6; — b;) is greater than zero so that G-IRT
has a good cold-start performance. Therefore, we limit
max(w, — @) ¢
> = Bmax - ﬁmin .
w4 Sy ) 2 )
J i’

Surprisingly, the constraint for cold-start setting leads to a lower
bound of X, which jointly works with the upper bounds of X
mentioned above to decide its region.

A >
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Fig. 6.  Overview of the G-NCDM.

Make lower and upper bounds compatible: We aim to let the
lower bound and upper bound of A be compatible to simultane-
ously satisfy the two properties. Therefore, we have

C . 2(6min - emin) 2(9max - 5max)
E § mln{ Bmax - Bmin ’ Bmax - ﬁmin } '

(28)

VI. G-NCDM: GENERATIVE NCDM

In this section, we introduce the application of the generative
diagnosis paradigm in deep learning-based CDMs. We propose
the G-NCDM, ! a simple yet effective method that captures the
complex mapping between response scores and features. An
overview of G-NCDM is presented in Fig. 6.

A. Challenges in Deep Learning-Based CDMs

As illustrated in Fig. 2, current deep learning-based CDMs
characterize learner proficiency through knowledge mastery
levels. A primary limitation of these models is the coupling of
model training with trait diagnosis, which prevents real-time
diagnostic capabilities and compromises diagnosis fairness.
Regarding the latter, deep learning-based CDMs are particularly
susceptible to issues of nonidentifiability and explainability
overfitting. Identifiability, a cornerstone of CD-based modeling
extensively discussed in the literature [49], [50], requires that
diagnostic outcomes distinguish between learners who exhibit
different response distributions. Essentially, distinct latent traits
must produce distinct observable data patterns. Furthermore,
explainability refers to the extent to which diagnostic results
accurately mirror a learner’s true cognitive state. In DL-CDMs,
this is typically quantified by the monotonic relationship be-
tween mastery levels and actual response scores. However,
our empirical analysis reveals that existing CDMs are prone
to “explainability overfitting.” In this phenomenon, diagnostic
results maintain high explainability on training data but fail to
generalize to unobserved test data.

B. GDF of G-NCDM

The design of the GDF within the G-NCDM framework aims
to maintain diagnostic precision while satisfying both identifi-
ability and monotonicity requirements. To achieve this, it uti-
lizes fully connected layers with specific parameter constraints,
allowing the model to learn the diagnostic process from data
while strictly adhering to these two pivotal conditions. The GDF

1 G-NCDM is developed from our proposed ID-CDM [26].
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is formally defined as follows:

) = 8 () ) e
6™ = FCH, (291 - 1) (30)

agexp) — 5 <2y’ \/E) xQ (31)
0;,=(1—a) -0/ + a6 (32)

W) =FC.q (297 — 1) (33)

where all activation functions are sigmoid. The FC™(-) denotes
a fully connected layer with nonnegative weight parameters,
which is designed to ensure the monotonicity between response
scores and knowledge mastery degrees.

C. IRF of G-NCDM

Within the IRF, we employ neural networks to capture the
complex interactions between learners and items. Specifically,
we first apply single-layer perceptrons to aggregate conceptwise
diagnostic results into low-dimensional latent features, thereby
obtaining more robust representations of both learners and ques-
tions. These aggregated features are then processed through
fully connected layers to reconstruct the final response scores.
The diagnostic output aggregation layer is formally defined as
follows:

Ogti;nse)

=FC"(0; © q;) (34)

P\*) = FC(yp; © q5) (35)
where g; is the jth row of the expert-labeled Q-matrix [51]. ¢; is
for masking unnecessary knowledge dimensions to ensure that
the optimization only targets for knowledge dimensions required
by theitem. For g; = (¢j1,--..¢,Kx).¢51,0 =1,2,...,K,isa
binary value denotes whether knowledge dimension [ is required
by item j.

Subsequently, the aggregated representations of s; and e; are
fed into a three-layer fully connected neural network to predict
the response probability, defined as follows:

~ dense dense

Finally, neural network parameters of the GDF and the IRF
are learnable parameters. The loss function of G-NCDM is the
cross-entropy loss between actual response scores and the recon-
structed correct probabilities. The model can be trained via GD
algorithms. Specifically, the training and diagnosis algorithms
of G-NCDM are shown in Algorithms 3 and 4, respectively.

(36)

VII. EXPERIMENTS
A. Experiment Overview

We aim to answer the following research questions via exper-
iments.
1) RQI (Instant diagnosis for new learners): How is the score
reconstruction performance of generative CDMs?

Algorithm 3: Training of G-NCDM.

Input: D = {(s;,e;,yij)|s: € S,e; € E,y;; € R}, the
training dataset; Q = (q;i)ax i, the item-knowledge
Q-matrix

Output: g4, the GDF of a trained G-NCDM
1: Initialize g4 and f;

2: forepochinl...T do

3: for (si7ej,yij) € Ddo

4: yz(-s) — [yij|7" : (si,ej,y:50) € D];  >Obtain the
learner response vector for s;
5: Y’ [yuli' : (sv,€5,y0;) € D; >Obtain the

1tem response vector for e;

6: 0:,%; < 9oy 4);

generation for learner and item
7 Uij < fu(0:,75;Q); >Stage 2: Score
reconstruction using neural network
end for
9o < update(L(y, §), 9¢);
gradient descent
10:  end for
I1: return gg;

>>Stage 1: Feature

o ®

>>Update GDF using

Algorithm 4: Instant Diagnosis Using G-NCDM.
Input: g4, the GDF of a trained G-NCDM; D;, the
response scores of a new-coming learner
Output: 8, the learner ability value
1: yv(;s) <+ transform(D;); >>Transform the D, into a
response score vector, which scores indexed by item
IDs.
2 0+ g (")
3: return 01,

>>Generative diagnosis

2) RQ?2 (Offline diagnosis for existing learners): How is the
score prediction performance of generative and transduc-
tive CDMs?

3) RQ3 (Reliability of diagnosis): How is the identifiabil-
ity and explainability of diagnostic outputs of different
CDMs?

4) RQA4 (Statistical features of diagnosis): How is the statis-
tical feature of diagnostic outputs of generative CDMs?

5) RQS5 (Utility of diagnosis): How can generative CDMs be
used in real-world applications?

B. Experiment Setup

1) Datasets: In this study, we evaluate the performance of
G-IRT and G-NCDM on two representative intelligent edu-
cation datasets, the ASSIST (ASSISTments 2009-2010 “skill
builder”) [52] and the Math1 [53] dataset. These datasets reflect
two classical scenarios of CD, including 1) online learning
platforms, which have a large number of learners, various test
items, and sparse response scores, and 2) offline ability tests,
which have a large number of learners, fewer but well-designed
test items and dense response scores. Details of the datasets
are available in Table I. In experiments, we split datasets by
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TABLE I
SUMMARY OF EXPERIMENT DATASETS

Statistics | ASSIST-0910 Math1
Scenario Online learning platform  Offline ability test
# Learners 4163 4209
# Items 17 746 20
# KCs 123 11
# KCs per item 1.1940.47 3.35+1.31
# Scores 324,572 84,180
# Scores per learner 107.26+£155.25 20.040.0
Sparsity rate 99.6% 0.0%
Correct rate 65.4% 42.4%

Diain : Dyatia : Diest = 70% : 10% : 20%. We split datasets us-
ing two methods: the user split for score reconstruction and the
random split for score prediction. The user split ensures that the
train, test, and validation sets have disjoint learner groups. The
random split ensures that every learner is shared by the train,
test, and validation sets.

2) Baselines: We compare generative CDMs with two cate-
gories of baselines. 1) Transductive CDM:s for score prediction.
The baseline includes DINA [27], IRT [16], MIRT [16], and
NCDM [18]. Transductive CDMs model learner and item fea-
tures via score prediction. These models can predict response
scores for existing learners and items, but cannot instantly
diagnose new learners’ cognitive stats and reconstruct response
scores. For the fairness of comparison, we further choose 2)
encoder—decoder user modeling methods for score reconstruc-
tion. The baseline includes U-AutoRec [45] and CDAE [46].

3) Implementation Setting: We implement all models with
PyTorch using Python.? For deep learning models, the param-
eters are initialized with Xavier normal [54]. The optimization
algorithm is Adam [55]. All experiments are run on a Linux
server with one NVIDIA Tesla-A100 GPU and two 2.10 GHz
Intel Xeon E5-2620 v4 CPUs.

4) Hyperparameter Setting: For G-IRT, we set B, = 2.5,
Bmax = 3.5, e =1, ( =3, Opin =1, Omax =5, and A = 1.5.
This hyperparameter setting satisfies constraints in (23), (27),
and (28). For G-NCDM, we set a = 0.9.

C. Experiment Analysis

1) Score Reconstruction Performance (RQI): Table 11
presents the score reconstruction performance results for RQ1,
comparing our proposed generative CDMs against traditional
encoder—decoder baselines on two real-world datasets. The re-
sults demonstrate the superior performance of the generative
paradigm across multiple evaluation metrics. On the ASSIST
dataset, both G-IRT and G-NCDM achieve substantial improve-
ments over the encoder—decoder methods, with G-NCDM reach-
ing the highest accuracy (0.735) and best RMSE (0.433), while
G-IRT attains the best F1-Score (0.827). Notably, even G-IRT
without training achieves a competitive F1-Score performance
(0.816), highlighting the inherent effectiveness of the generative
modeling approach. On the Math1 dataset, G-IRT demonstrates
consistent superiority with the highest accuracy (0.782) and best

2 Our code is available at https:/github.com/CSLiJT/Generative-CD.git.
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RMSE (0.408), while G-NCDM shows comparable performance
to the best encoder—decoder baseline CDAE. The performance
gains are particularly pronounced on the ASSIST dataset, where
generative models achieve accuracy improvements of approxi-
mately 3% —4% and F1-Score improvements of 2% —3% over
traditional methods. These results validate that the generative
paradigm effectively addresses the score reconstruction task
while maintaining the capability for instant diagnosis of new
learners without requiring parameter re-optimization, thus con-
firming the practical advantages of our proposed approach.

2) Score Prediction Performance (RQ2): Table III presents
the score prediction performance results for RQ2, evaluating
both generative and transductive CDMs on existing learners
using random data splits. The results reveal that our proposed
generative models achieve remarkable performance, often sur-
passing traditional transductive methods that were specifically
designed for offline diagnosis scenarios. On the ASSIST dataset,
G-NCDM demonstrates superior performance across all met-
rics, achieving the highest accuracy (0.734), Fl-score (0.811),
and best RMSE (0.428), outperforming the best transductive
baseline NCDM by 1.4% in accuracy and 1.9% in F1-Score.
Similarly, on the Mathl dataset, both G-IRT and G-NCDM
achieve identical and superior accuracy (0.734) compared to the
best transductive method NCDM (0.727), with G-NCDM show-
ing the most balanced performance with the highest F1-Score
(0.710) and best RMSE (0.413). Notably, even G-IRT without
training demonstrates competitive performance, particularly on
the ASSIST dataset, where it achieves 0.700 accuracy and 0.810
F1-Score, highlighting the inherent strength of the generative
modeling paradigm. These results are particularly significant as
they demonstrate that generative models not only excel at instant
diagnosis for new learners (as shown in RQ1) but also maintain
competitive or superior performance in traditional offline diag-
nosis scenarios, effectively bridging the gap between inductive
and transductive learning paradigms in CD.

3) Reliability of Diagnostic Outputs (RQ3): We analyze the
reliability of diagnostic outputs from their identifiability and
explainability.

Identifiability of diagnostic results: To quantitatively assess
the identifiability of CDMs on augmented data, we utilize the
identifiability score (IDS) [26]. This metric serves as a proxy
for identifiability: a higher IDS indicates greater consistency
between the diagnostic results of original and shadow learners
(or questions). A maximum IDS signifies rigorous identifia-
bility. Specifically, the IDS for learner traits © is defined as

follows:
=) AN #J)
IDS(O i) 37
ZIDs ;j; 1+ dist(6;, 8;)]? G7
where Zips = 3 ;e D e L(ri = 15) ANI(i # j). Thedist(6;,

;) is the distance measurement of diagnostic results. In instan-
tiation, we choose the Manhattan distance [56] as the measure-
ment. IDS(O) is monotonically decreasing at dist(6;, ;). Fur-
thermore, learner traits are identifiable if and only if IDS(0O) =
1. Along this line, the identifiability of question features W is
also evaluated by calculating IDS(W). Table IV presents the
identifiability analysis results for RQ3, revealing a fundamental
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TABLE II
SCORE RECONSTRUCTION PERFORMANCE OF GENERATIVE USER/LEARNER MODELING (RQ1)

ASSIST (User Split)

Math1 (User Split)

Paradigm Model
ACC?T F1-Scoref  RMSE] ACC?T F1-Scoref  RMSE]
Encoder U-AutoRec 0.707+0001  0.793+0001  0.438+0001  0.749+0003  0.728+0006  0.419+0.005
—decoder CDAE 0.701+0001  0.796+0001  0.449+0001  0.758+000s  0.746+0003  0.425+0.003
G-IRT w/o train  0.707+0001  0.816+0001  0.533+0002  0.781+0001  0.728+0001  0.411+0.001
Generative CD  G-IRT 0.734+0001  0.827+0001  0.451+0001  0.782+0.002  0.731+0002  0.408+0.003
G-NCDM 0.735+0001  0.822+0001  0.433+0001  0.749+0003  0.747+0002  0.420+0.002

The bold highlights the highest (optimal) metric score among methods. The underlined highlights the second-highest (suboptimal) metric

score among methods.

TABLE III
SCORE PREDICTION PERFORMANCE OF TRANSDUCTIVE/GENERATIVE CD (RQ2)

ASSIST (Random Split)

Mathl (Random Split)

Paradigm Model
ACCYT F1-Scoref  RMSE] ACC?T F1-Scoref  RMSE]
DINA 0.665+0001  0.483+0001  0.800+0002  0.588+0001  0.682+0001  0.475+0.001
IRT 0.673+0002  0.792+0001  0.46240002  0.703+0002  0.702+0001  0.443+0.001
Transductive CD ~ MIRT 0.697+0002  0.773+0001  0.47240001  0.708+0001  0.667+0001  0.440+0.001
NCDM 0.720+0008  0.792+0001  0.43340002  0.727+0001  0.668+0002  0.416+0.001
G-IRT w/o train ~ 0.700+0001  0.810+0001  0.530+0001  0.731+0001  0.649+0001  0.427+0.001
Generative CD G-IRT 0.719+0001  0.800+0001  0.440+0001  0.734+0001  0.657+0001  0.425+0.001
G-NCDM 0.734 10002 0.811+0001  0.428+0002  0.734+0001  0.710-t0001  0.413-+0.001

The bold highlights the highest (optimal) metric score among methods. The underlined highlights the second-highest (suboptimal) metric score

among methods.

TABLE IV
IDS 1 OF DIAGNOSTIC RESULTS (RQ3)

IDS 1 of Learner Diagnostic Result ©

IDS 7 of Question Diagnostic Result ¥

Paradigm Model
ASSIST  Mathl Z(©)  ASSIST  Mathl (D)
DINA 0.550+0003  0.451+0.006 X 0.208+0.001  0.193+0.019 X
IRT 0.691+0004  0.690+0.004 X 0.376+0001  0.54340.035 X
Transductive CD MIRT 0.047+0001  0.046-+0.000 X 0.04140000  0.085-+0.005 X
NCDM 0.857+0001  0.662+0.005 X 0.616+0000  0.420+0012 X
NCDM-Const ~ 0.897+0001  0.688+0.003 X 0.968+0000  0.915+0.010 X
. G-IRT 1.000-0000  1.000-0.000 v 1.000-0000  1.000-0.000 v
Generative CD
G-NCDM 1.000+0000  1.000-0.000 v 1.000=000  1.000--0.000 v

Z(X) indicates whether X is identifiable.

The bold highlights the highest (optimal) metric score among methods. The underlined highlights the second-highest (suboptimal) metric score among

methods.
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Fig.7. Degree of consistency (DOCT) of diagnostic results (RQ3). (a) Overall
abilities. (b) Knowledge proficiencies.

advantage of generative CDMs in terms of diagnostic reliability.
The results demonstrate a stark contrast between traditional
transductive and our proposed generative approaches in terms of

identifiability guarantees. All traditional transductive methods
(DINA, IRT, MIRT, NCDM, and NCDM-Const) fail to achieve
identifiability for both learner diagnostic results (©) and ques-
tion diagnostic results (¥), as indicated by the “X” symbols,
with their IDS ranging from as low as 0.041 (MIRT) to 0.968
(NCDM-Const) across different datasets. In sharp contrast, both
G-IRT and G-NCDM achieve perfect identifiability with IDS
scores of 1.000 for both learner and question diagnostics on both
ASSIST and Math1 datasets, as confirmed by the “v/”” symbols.
This perfect identifiability ensures that the diagnostic outputs
produced by our generative models are theoretically guaranteed
to be unique and reliable, addressing a critical limitation of tradi-
tional CD methods. The superior identifiability performance of
generative models stems from their well-designed generation
process that explicitly incorporates identifiability conditions,
providing practitioners with diagnostic results they can trust
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Fig. 10.
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Visualization of diagnostic results using u-map, colored with learner score rates. Learners w/o response logs are removed from the visualization.

(a) NCDM@ASSIST. (b) G-NCDM @ASSIST. (c) NCDM@Mathl. (d) G-NCDM @Math1.

TABLE V
RAW RESPONSE SCORE CASES OF LEARNERS IN MATH1(RQ5)

Learner 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1737 vV vV vV vV X X v v vV X VvV v X v X v X X X X
2004 VX X vV X X vV vV X X X X X Vv X X v X X XK

Each column denotes response scores on an item.

TABLE VI
KNOWLEDGE CORRECT RATES IN MATH1(RQ5)

Learner Al A2 A3 A4 AS A6 A7 A8 A9 A10  All

1737 067 10 043 10 075 033 00 040 050 042 059
2094 033 1.0 00 00 1.0 017 00 00 050 042 035

Each column denotes average correct rates on items requiring the knowledge.
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for high-stakes educational assessment and decision-making
scenarios.

Explainability of diagnostic results: Fig. 7 presents the ex-
plainability analysis results for RQ3. Our approach is motivated
by the principle that an explainable learner’s knowledge profi-
ciency should be monotonic with respect to their performance;
specifically, higher proficiency levels should result in higher
response scores on relevant questions. Drawing inspiration from
prior research [57], we adopt the degree of consistency (DOC)
[26] as our evaluation metric. For a given question ¢;, the DOC
is defined as follows:

3 (i) Yoy aw NI (L, 5) NS (Bir B5n)

Zi,j 6(ril7le) Zf:lmk /\J(l’ i, .7) /\I(eik #* ejk)

(38)

The DOC measures the monotonicity between diagnostic
results and response scores for learners answering the same item.
We present experiment results for IRTs and NCDMs, respec-
tively, because the former diagnose learner cognitive states as
overall ability (single-dimensional value), while the latter diag-
nose learner cognitive states as knowledge proficiencies (mul-
tidimensional value). Here, “f from train/test” denotes that the
evidence data for generative diagnosis is from the training/test
dataset. Response scores for calculating DOC are from the test
dataset. Regarding the result analysis, we have two findings.
First, it can be observed that the DOC of generative CDMs (i.e.,
G-IRT and G-NCDM) with 6 from the training dataset is mostly
higher than that of the corresponding transductive CDMs. This
observation indicates that generative CDMs can mostly capture
the monotonicity between explicit response scores and implicit
cognitive states, demonstrating the psychometric explainability
of diagnostic results for learners in various scenarios. Second,
it can be observed that the DOC of generative CDMs with
0 from the test dataset is always higher than other results.
This essentially demonstrates the explainability of generative
diagnosis. As both the evidence data for diagnosing learner
cognitive states and the response scores for calculating DOC are
from the same dataset, generative CDMs can effectively capture
the complex mapping between response scores and cognitive
states, generating reliable diagnostic results while maintaining
excellent score reconstruction accuracy (see Table II).

4) Distribution Analysis of G-IRT (RQ4.1): To explore the
utility of G-IRT, we visualize the histogram of estimated learner
ability 6 and correct rates. Figs. 8 and 9 present the visual-
ization results, with the probability density estimated by the
kernel density estimation. The evaluation motivation is that
the distribution of appropriate learner diagnosis results should
present an association with the distribution of observed learner
correct rates. From Fig. 8, we can observe that the distribution of
learner correct rates is skewed. This property is well preserved
by the distribution of diagnostic results of G-IRT. From Fig. 9,
we can observe that the distribution of learner correct rates is
multimodal. This property is also well preserved by G-IRT.
These observations demonstrate the advantage of the generative
diagnosis paradigm. The reason is that, according to (14) and
(18), the generative process of learner ability 6 is equivalent to
calculating a weighted average of response scores. Therefore,

DOC(el)

&
&
&

(a) (b)

Fig. 11.  Visualization of diagnostic results in ASSIST using u-map, colored
with learner score rates. All learners in the raw data, including those with-
out response logs (colored with dark red), are included in the visualization.
(a) NCDM. (b) G-NCDM.

the calculation of score rate can be viewed as a special case of
the generative diagnosis process. On the contrary, transductive
IRT relies on parameter estimation to diagnose learner ability,
which loses the information of the distribution of the overall
correct rate during parameter estimation of learner ability.

5) Clustering Analysis of G-NCDM (RQ4.2): To examine the
statistical feature of diagnostic traits, we visualize the diagnostic
outputs of the CDMs. For NCDM and G-NCDM, which repre-
sent cognitive states as multidimensional knowledge proficien-
cies, we employ UMAP [58] for dimensionality reduction. In
these visualizations, learner data points are colored according to
their overall correct rates to determine if the diagnostic results
effectively distinguish between different performance levels.
Figs. 10 and 11 display these results, from which we derive
two primary findings.

Finding 1—Cognitive states diagnosed by G-NCDM are bet-
ter clustered with respect to correct rates: Fig. 10 presents vi-
sualization results that have removed learners without response
scores. From the visualization on ASSIST, we can observe that
cognitive states generated by G-NCDM are linearly separable,
as red points (i.e., learners with a correct rate less than 0.5)
aggregate in the bottom left of the figure, while blue points
(i.e., learners with a correct rate greater than 0.5) spread in the
center of the figure. From the visualization on Mathl, we can
also observe that points with similar color (i.e., learners with
similar correct rate) aggregate tightly for G-NCDM @Mathl1,
while points with different colors usually mix within a small
region for NCDM@Mathl. Both the linear separability and
the tight aggregation of similar color demonstrate the statistical
reliability of G-NCDM.

Finding 2—G-NCDM can effectively recognize empty learn-
ers: Online learning platforms inevitably include empty learners,
such as the ASSIST dataset introduced in Table I. We present in
Fig. 11 the cognitive states of all learners, including those empty.
It could be observed that empty learners (dark red points) are
well separated and aggregated in the top right of the visualization
of G-NCDM, while they overlap with other learners in the
visualization of NCDM. Essentially, this ability of G-NCDM
originates from the generative diagnosis mechanism. Since the
score vectors of all empty learners are the zero vector, their
diagnostic results are also the same as and different from other
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Fig. 12.

Case of diagnostic report generated by G-NCDM. The middle term shows the visualization of all learners’ diagnostic outputs using u-map, with each

point colored by the learner’s correct rate (blue denotes higher correct rates while red denotes lower correct rates).
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Fig. 13.

hyperparameter o in ASSIST. The higher the «, the large the weight of GECXP)
in generating 6;.

Score reconstruction and prediction performance of G-NCDM w.r.t.

learners. This finding validates the generalization ability and
outlier detection ability of G-NCDM.

6) A Case Study of G-IRT and G-NCDM (RQS5): We explore
the utility of generative CDMs in real-world scenarios via a case
study. Specifically, we select Math1 for the case study because
the dataset comes from the representative offline test scenario
and the response scores are dense. We then select two learners,
including one ranked top 20% and one ranked top 80% by correct
rates. We present their raw response scores and knowledge
correct rates, as shown in Tables V and VI. We then input
their data into G-IRT and G-NCDM, respectively, to obtain and
visualize the diagnostic reports. Each diagnostic report consists
of two components: /) the learner’s cognitive state and 2) the
learner’s relative position in the learner group. We make a
crossover comparison between the two learners’ response data
and diagnostic reports to see if G-IRT and G-NCDM work for
this scenario. We have the following two findings.

Finding I—G-NCDM can well reflect the real knowledge pro-
ficiency of learners: By comparing observed knowledge correct
rates (see Table VI) and generated knowledge proficiencies (see
the left of Fig. 12), we find that the latter is consistent with
the former. For instance, for learners 1737 and 2094, only the
knowledge correct rate on A5 “plane vector” of the former is
lower than that of the latter. This is exactly reflected in their
generated knowledge proficiencies. In addition, both learners
perform poorly on knowledge A6 “property of function” and

4 7\
Diagnostic Report of G-IRT
Y00 Y% Learner 1737 A learner 2094
c p=0.82
=)
5
£
bl 4
a /
Los0
B 6i=3.09
: /
3 p=0.20 y
_~6i=2.64
_
0.00 —
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
6
- J

Fig. 14. Case of diagnostic report generative by G-IRT. The orange curve
presents the CDF of generated learner ability. The term p denotes the CDF value
of learners, which is equivalent to the ratio of learners whose correct rates are
lower than the target learner.

AT “image of function,” with correct rates less than 0.33. This is
also well reflected in their knowledge proficiencies, with values
always less than 0.4. These observations essentially demonstrate
the effectiveness of the forked design of the GDF of G-NCDM
[see (30)]. Technically, the direct, parameter-free generation of
OgexP) ensures that diagnostic results largely reflect knowledge
correct rates, while the neural network-based generation of
Bl(lmp ) calibrates diagnostic results for more fine-grained diag-
nosis and better score prediction performance (see Fig. 13). The
center of Fig. 12 presents the learners’ relative position in the
learner group, which also reflects their different cognitive states.
Overall, G-NCDM can well reflect knowledge conceptwise cog-
nitive states in this scenario.

Finding 2—G-IRT is beneficial to learner ranking and overall
cognitive state diagnosis: As shown in Fig. 14, the diagnostic
report of G-IRT is presented as a cumulative distribution function
(CDF) of generated learner abilities. We can observe from the
report that learner 1737 is ranked top (1 — p) x 100% = 17%
(9 = 3.09), and learner 2094 is ranked top (1 — p) x 100% =
78% (0 = 2.64). These results are consistent with observed
response data, demonstrating the effectiveness of G-IRT in
real-world scenarios.
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VIII. CONCLUSION AND FUTURE WORK
A. Conclusion

In this study, we proposed the generative CD paradigm in
iLearning, with a core focus on enhancing diagnostic fairness
and efficiency. The generative diagnosis paradigm overcomes
two significant challenges of traditional CDMs that lead to
inequitable assessment. The first challenge is a lack of identifia-
bility, which directly violates the fundamental fairness principle.
Diagnostic outputs provided by CDMs are unidentifiable and
lack psychometric reliability, resulting in different diagnoses
for students with identical response patterns. This inequity
systematically disadvantages certain learners based solely on
algorithmic artifacts rather than actual ability differences. The
second challenge is their unavailability for instant diagnosis of
new learners, which limits the efficiency of CDMs in realistic
iLearning systems. CD for new-coming learners requires retrain-
ing transductive CDMs, which is resource-consuming and can
lead to inconsistent assessments of existing learners—creating
an unfair temporal bias in educational evaluation. The generative
diagnosis paradigm effectively overcomes these fairness chal-
lenges via the generative diagnosis procedure, which generates
learner cognitive states using a GDF rather than parameter opti-
mization, ensuring that students with the same response patterns
receive equivalent diagnoses. Technically, we further proposed
two instantiations of the generative diagnosis paradigm, the
G-IRT and the G-NCDM. Respecting G-IRT, we established
the GDF by substituting unobservable parameters in the inverse
of the IRF of IRT with proxy parameters, creating a more equi-
table assessment framework. We then analyzed mathematical
properties of G-IRT and provided parameter constraints for
better cold-start performance and controllability, ensuring con-
sistent diagnosis across diverse learner populations. Regarding
G-NCDM, we propose a neural network-driven GDF based on
the previous ID-CDM. Notably, G-NCDM introduced Q-matrix
mapping in the generative process, which enhanced the rela-
tionship between diagnostic outputs and knowledge dimensions
while maintaining fairness across student groups. Next, we
demonstrated the effectiveness of generative CDMs via exten-
sive experiments on two real-world datasets. Experiment results
revealed that generative CDMs not only have excellent score
reconstruction (for instant diagnosis) and score prediction (for
offline diagnosis) performances, but can generate reliable and
fair diagnostic outputs that treat students with similar abilities
consistently. These results demonstrate the accuracy, reliability,
fairness and utility of generative CDMs, demonstrating their
potential to contribute to the construction of future iLearning
environments.

B. Future Work

The primary limitation of this study lies in the current lack
of a continual learning ability in the proposed methods. There
remain some questions to be ascertained and enriched with
future findings. The nature of causation perhaps needs more
time series analysis as well as response-time analysis [59],
[60]. The connections between cognitive states and knowledge

proficiencies still need more advanced and follow-up research
related to neuroscience to provide insights into G-NCDM. In
addition, there might be possibilities of outlier cases of student
learning that call for in-depth analysis.

Specifically, response data, test items, and learners would con-
tinually accumulate in a learning platform, which requires the
CDM to continually learn from incoming data and update its di-
agnosis ability. Although current generative CDMs can instantly
diagnose new-coming learners, response data of new-coming
learners and items still cannot be used for model updating. Along
this line, we hope to develop mechanisms or algorithms that
enable generative CDMs to continually learn from incoming
response data. Continual learning ability of generative CDMs is
beneficial for a host of online learning/evaluation applications,
such as student cognitive ability tests and large language model
evaluation.
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