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• In the applications of artificial intelligence, we often need to characterize the 
difference of individuals in both personal information and latent features

Personal InformationPersonal Information Latent FeaturesLatent Features
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• An assessment for automatically measuring individuals’ proficiency profiles
– Quantifying the mastery level of examinees on specific knowledge concepts/skills
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1. The observed interactive 
behaviors of users are 
determined by their latent 
cognitive states

2. The cognitive state of each 
user is stable in a short period 
of time thus can be diagnosed
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Assumptions:



Anhui Province Key Lab. of Big Data Analysis and Application

Introduction to Cognitive Diagnosis

8

• An assessment for automatically measuring individuals’ proficiency profiles
– Quantifying the mastery level of examinees on specific knowledge concepts/skills.

1. The observed interactive 
behaviors of users are 
determined by their latent 
cognitive states

2. The cognitive state of each 
user is stable in a short period 
of time thus can be diagnosed

Users’ proficiency on specific skills (cognitive states) are quite differentUsers’ proficiency on specific skills (cognitive states) are quite different

Assumptions:

This talk will briefly review the recent developments of Cognitive 
Diagnosis Models and show the wide applications of cognitive diagnosis 

This talk will briefly review the recent developments of Cognitive 
Diagnosis Models and show the wide applications of cognitive diagnosis 
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• Most of existing Cognitive Diagnosis Models (CDMs) are well designed based 
on Psychometric theories

• Item Response Theory (IRT)

• The larger of ( 𝒊 𝒋), the 
higher of the probability that 
correctly answer the item.

• Responses to the Items in a Scale

Child Adult

Criteria
Complete 
analogies

Describe differences 
between concepts

Item
Example

Brother is a 
boy, sister is a 

___.

Describe the 
differences between 

laziness and idleness, 
poverty and misery, 

character and 
reputation.

Item Examples from Standford-Binet Intelligent Scale

[1] Frederic Lord. A theory of test scores. Psychometric monographs, 1952.
[2] Roid G H, Pomplun M. The stanford-binet intelligence scales[M]. The Guilford Press, 2012.

Guess factor Skill proficiency Discrimination Difficulty 

𝑃 𝑅௜௝ = 1 𝜃௜, 𝑎௝, 𝑏௝, 𝑐௝ = 𝑐௝ +
1 − 𝑐௝

1 + exp (−1.7𝑎௝ 𝜃௜ − 𝑏௝ )
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• Most of existing Cognitive Diagnosis Models are well designed based on 
Psychometric theories

𝑃 𝑅௜௝ = 1 𝜽௜, 𝒂௝, 𝑑௝, 𝑐௝ = 𝑐௝ +
1 − 𝑐௝

1 + exp (−1.7(𝒂௝𝜽௜ + 𝑑௝))
MIRT

𝑃 𝑅௜௝ = 1 𝜃௜, 𝑎௝, 𝑏௝, 𝑐௝ = 𝑐௝ +
1 − 𝑐௝

1 + exp (−1.7𝑎௝ 𝜃௜ − 𝑏௝ )

IRT

௜ can possibly be inferred with the help of a task−skill relevancy matrix (Q−matrix)௜ can possibly be inferred with the help of a task−skill relevancy matrix (Q−matrix)

Unidimensional
Overall ability

Mastery of specific skills

Skill 1 Skill 2 Skill 3 Skill 4

Task 1 1 0 0 0

Task 2 0 1 1 0

Task 3 0 0 0 1

Q-matrix

Multidimensional
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• Traditional Cognitive Diagnosis Models

Characteristics Pros Cons

Input of the Model  User responses to a small
number of scale items  High quality of test items  Can only exploit users’ 

numerical response records

Diagnose Function  Manually designed 
 Mostly linear

 Inspired from psychometric 
theories with 

good interpretability

 Labor intensive
 Limited approximation ability

𝑃 𝑅௜௝ = 1 𝜃௜, 𝑎௝, 𝑏௝, 𝑐௝ = 𝑐௝ +
1 − 𝑐௝

1 + exp (−1.7𝑎௝ 𝜃௜ − 𝑏௝ )IRT
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• We are able to design cognitive diagnosis models from a machine learning perspective  

 Multiple types of data, such as the images and the text 
description about the task, are now available

 Besides a well defined Scale, we can 
also diagnose the individuals from 
their daily tasks/exercises

Qi Liu, Zhenya Huang, Yu Yin, Enhong Chen, et al., EKT: Exercise-aware Knowledge Tracing for Student Performance Prediction, IEEE TKDE, 33(1): 100-115, 2021.
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• Learn the diagnose function automatically from big data 

1. Multidimensional parameters

2. Neural network captures the 

complex interactions

3. Skill relevancy vector ensures 

the interpretability 

4. Maintain the monotonicity 

assumption

𝑅௜௝

Fei Wang, Qi Liu, Enhong Chen, Zhenya Huang, et al., Neural Cognitive Diagnosis for Intelligent Education Systems. AAAI 2020, 6153-6161. 
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• Our machine learning solution is a general framework

𝑦

IRT

NeuralCDM

ℎே
௦

ℎே
ௗ௜௙௙

ℎௗ௜௦௖

𝑄௘,ଵ ∘ (ℎଵ
௦ − ℎଵ

ௗ௜௙௙
) × ℎௗ௜௦௖ℎସ

௦

ℎସ
ௗ௜௙௙

ℎௗ௜௦௖

(ℎ௦ − ℎௗ௜௙௙) × ℎௗ௜௦௖
ℎଷ

௦

ℎଷ
ௗ௜௙௙

ℎௗ௜௦௖
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௦
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ℎଷ
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ௗ௜௙௙
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𝑄௘,ଵ ∘ (ℎଵ

௦ − ℎଵ
ௗ௜௙௙

) × ℎௗ௜௦௖

𝑄௘,ଵ

single Sigmoid 
function

ℎ 𝜎 𝑦

ℎ௦

ℎௗ௜௙௙

ℎௗ௜௦௖ (ℎ௦ − ℎௗ௜௙௙) × ℎௗ௜௦௖

1

unidimensional
fix to 1
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• Experimental Evaluation
– Predicting users’ (students’) performance

Our machine learning solutions outperform the 
baselines

Our machine learning solutions outperform the 
baselines

Knowledge Proficiency of Student (bars)

Knowledge Difficulty of Exercise (points)

Q-matrix Responses

 Math: mathematical exercises (with texts) and logs
 ASSIST: mathematical exercises (without texts) and logs 



Anhui Province Key Lab. of Big Data Analysis and Application

Outline

Introduction to Cognitive Diagnosis 1

From Psychometric to Machine Learning2

3

4

Our Extensions for CDMs

Applications of Cognitive Diagnosis

5 Conclusion and Future Research Directions



Anhui Province Key Lab. of Big Data Analysis and Application
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Our Extensions for CDMs
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User-skill interaction

User skills
modeling

𝐤𝟏 𝐤𝟐

𝐤𝟑 𝐤𝟒

𝐤𝟒 𝐤𝟏

𝐤𝟐𝐤𝟑

Inner-layer 

interaction

Inter-layer 

interaction

Relation Map Cognitive Diagnosis

Prerequisite

Weibo Gao, Qi Liu, Zhenya Huang, et al. Rcd:  Relation map driven cognitive diagnosis for intelligent education systems. In ACM SIGIR, 2021.
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• Context-aware CDMs: Considering the context-aware features of users

Context features

Our Extensions for CDMs

19

Government

Region difference

Yuqiang Zhou, Qi Liu,et al., Modeling Context-aware Features for Cognitive Diagnosis in Student Learning,  In ACM SIGKDD  2021.
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• Item Response Ranking for CDMs: Modeling the partial orders between responses

𝑃 𝑅௜௘|𝒖௜, 𝒗௘ = 𝑓 𝒖௜, 𝒗௘

General Form

Given a specific test item, the users with right
responses are more skilled than those with wrong
responses.

Pairwise Monotonicity

𝑟௜௘ − 𝑟௝௘ ← 𝑃 𝑅௜௘ − 𝑹௝௘

User’s proficiency is monotonic with the
probability of giving the right response to
a task/item.

Monotonicity

𝑟௜௘ ← 𝑃 𝑅௜௘

Objective Function Objective Function

monotonic 
diagnose function

Monotonicity as the 
optimization target

Shiwei Tong, Qi Liu, Runlong Yu, et al., Item response ranking for cognitive diagnosis,  In IJCAI  2021.

Our Solution
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• Cognitive Diagnosis for Recommender Systems

22

I like it, but 

it is too hard

I like it, and 

it is suitable

I like it, but 

it is too easy

• Age
• Gender
• Grade
• School
• …

Personal InformationPersonal Information

Cognitive StatesCognitive States

Task 
Recommendation

Task 
Recommendation

Zhenya Huang, Qi Liu, Chengxiang Zhai, Yu Yin, and Guoping Hu. Exploring multi-objective exercise recommendations in online education systems. In ACM CIKM, 2019.
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• Cognitive Diagnosis for Adaptive Learning
– Recommending a learning/training path that is adaptive to the implicit evolving cognitive 

context of the user 
Knowledge Structure of Items

Cognitive Context of User
Qi Liu, Shiwei Tong, Chuanren Liu, et al.. Exploiting Cognitive Structure for Adaptive Learning. In ACM SIGKDD, 2019.
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• Cognitive Diagnosis for Computerized adaptive testing (CAT)

Adaptive Testing

Selecting a tailored sequence of questions

Selection
Strategy

Cognitive Diagnosis
Model(CDM)

𝟏

Diagnosis

𝒕
 

Diagnosis for selection

Selection for diagnosis

Haoyang Bi, Haiping Ma, Zhenya Huang, Yu Yin, Qi Liu, et al., Quality meets diversity: A model-agnostic framework for computerized adaptive testing. In IEEE ICDM, 2020.
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• Comprehensive study on cognitive diagnosis mostly from a machine learning perspective
– A new cognitive diagnosis model which learns user-task interactions from big data

– Several extensions for basic cognitive diagnosis models

– Applying cognitive diagnosis to provide users with better services
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• Detailed logs
• response time

• multiple attempts 

• keystroke analysis (writing, coding, etc.)

• Physiological reaction
• expression

• EEG/EMG signals (sports, etc.)

• Behaviors in Teamwork
• discussion

• corporation

• etc.

How to collect and exploit the more detailed user behaviors during their responses?
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How to apply the idea of cognitive diagnosis to more scenarios besides the utilization in 
education?

Athlete’s Ability Index Talent’s Programming Skill Game Player’s Skill Level

Strength

Speed

Techniqu
e

Experience

Defend
Serve

Java

Go

JavaScript

PythonC

Rust

C++

Poor

Good

Tracer

Range

Carry

Burst

Control

Defend

Flexibility

Murder

Affray

Steal

Fraud

Illegally  Storing Guns

Lawyer’s Proficiency Assessment

• Legal Domain：Lawyer’s Proficiency Assessment
– The judgment results of the litigation is related to the lawyers’ proficiency and the 

case difficulty

• Other domains：Sports、Job market、Game……

Yanqing An, Qi Liu, Han Wu, et al., Lawyerpan: A proficiency assessment network for trial lawyers. In ACM SIGKDD, 2021.
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• Theories that might be beneficial

• memory theories

• cognitivism learning theory

• Machine learning methods that are suitable for the combining
• memory networks

• graph / social network analysis

• knowledge graph

How to combine the advantages of psychometric theories and machine learning for 
designing more reasonable cognitive diagnosis framework?

[1] Murre J M J, Dros J. Replication and analysis of Ebbinghaus’ forgetting curve[J]. PloS one, 2015, 10(7): e0120644.
[2] Ertmer P A, Newby T J. Behaviorism, cognitivism, constructivism: Comparing critical features from an instructional design perspective[J]. Performance improvement quarterly, 
1993, 6(4): 50-72.
[3] Siemens G. Elearnspace. Connectivism: A learning theory for the digital age[J]. Elearnspace. org, 2004.
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• EduCDM: https://github.com/bigdata-ustc/EduCDM • EduData: https://github.com/bigdata-ustc/EduData
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