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Educational Assessments

• Educational assessment is a process designed to systematically 
measure or evaluate the characteristics or performance of individuals, 
programs, or other entities, for purposes of drawing inferences; 
sometimes used synonymously with test. (NCME)

• Assessments can be grouped into two categories (Bloom, 1969):
• Assessments of learning

• Assessments for learning



Assessments of Learning

• Goal
• To determine what students know and can do 

after completing a particular phase of 
education

• Characteristics

• Often presented as standardized tests

• Measuring student’s overall proficiency in a 
particular subject

• High-stakes

• Sometimes used for accountability

• Examples

• End of course exam

• College admission exams

By Dr. Helen Teague

https://4oops.edublogs.org/tag/cartoons/


Assessments for Learning

• Goal
• To provide  feedback  to adjust  ongoing  teaching  and  learning  to  improve  

students’  achievement 

• Characteristics

• An integration of process and purposefully designed methodology or 
instrumentation (Bennett, 2011)

• Low-stakes

• Immediate feedback

• Examples

• Diagnostic tests

• ‘interim’  assessments



If I have to reduce all educational psychology to just one 
principle, I would say this: the most important single 

factor influencing learning is what the learner already 
knows. Ascertain this and teach him [them] accordingly.

Assessments for Learning

• What type of feedback should we give to students and teachers?

“
“

Ausubel (1968)



Assessments for Learning

• To understand what students know and what they do not know, we 
consider cognitively diagnostic assessments:
• Standards- or skills-based

• Conceptually multidimensional

• Statistically reliable

• Didactically teachable



Reasoning From Evidence

• What all educational assessments have in common is the desire to 
reason from particular things students say and do, and make inferences 
about what they know or can do more broadly

• An assessment is a tool designed to observe students’ behavior and 
produce data that can be used to draw reasonable inferences about 
what students know

• The process of collecting evidence to support the type of inferences 
one wants to draw is referred to as reasoning from evidence



Reasoning From Evidence

Cognitively diagnostic tests

Task performance data

Cognitive diagnosis modeling

Reliability and validity consideration

Instruction adjustments

Personalized learning recommendations

Developing 
assessments 
for gathering 

evidence

Collecting 
evidence

Interpreting 
evidence

Acting on 
interpretations



An example

A Proportional Reasoning Test



A Proportional Reasoning Test

1) Nate and Dale are making s’mores. Nate has 4 marshmallows and 3 
crackers. Dale has 7 marshmallows and twice as many crackers as 
Nate. Whose s’mores have a stronger marshmallow taste (greater 
marshmallows-to-crackers ratio)? 

2) Solve for x in the equation         ?

3) Three recipes for orange juice are shown below. Put the recipes in 
order from the one with the smallest fraction of orange concentrate 
to the one with the greatest fraction of orange concentrate.

5 8

3 x
=

Water

Orange 

Concentrate
(See Tjoe & de la Torre, 2014)



A Proportional Reasoning Test

Students’ responses

Item 1 Item 2 Item 3 …

Angela √ √ ×

Charlie × × √

Jessica √ √ √
…



A Proportional Reasoning Test

• Based on CTT or IRT analyses, we could 

• Put all students on the same ability scale

• Compare their proficiency

• Make other decisions accordingly

Basic Proficient Advanced

Charlie Angela Jessica



A Proportional Reasoning Test

1) Nate and Dale are making s’mores. Nate has 4 marshmallows and 3 
crackers. Dale has 7 marshmallows and twice as many crackers as 
Nate. Whose s’mores have a stronger marshmallow taste (greater 
marshmallows-to-crackers ratio)? 

2) Solve for x in the equation         ?

3) Three recipes for orange juice are shown below. Put the recipes in 
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A Proportional Reasoning Test

1) Nate and Dale are making s’mores. Nate has 4 marshmallows and 3 
crackers. Dale has 7 marshmallows and twice as many crackers as 
Nate. Whose s’mores have a stronger marshmallow taste (greater 
marshmallows-to-crackers ratio)? 

[Skills: Prerequisite skills; Constructing ratios; Comparing fractions]

2) Solve for x in the equation         ? 

[Skills: Prerequisite skills; Applying algorithms]

3) Three recipes for orange juice are shown below. Put the recipes in 
order from the one with the smallest fraction of orange concentrate 
to the one with the greatest fraction of orange concentrate.

[Skills: Ordering fractions]

5 8

3 x
=



A Proportional Reasoning Test

Prerequisite 

skills

Comparing 

fractions

Ordering 

fractions

Constructing 

ratios

Applying 

algorithms

Item 1 1 1 0 1 0

Item 2 1 0 0 0 1

Item 3 0 0 1 0 0

⁝

Item and attribute association matrix (Q-matrix; Tatsuoka, 1983)



Prerequisite 

skills

Comparing 

fractions
Ordering fractions

Constructing 

ratios

Applying    

algorithms

Angela

Charlie

Jessica

⁝

A Proportional Reasoning Test

Score report from CDM analyses

1 10 0 0
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Attribute:
any procedure, skill, or process 
that involves in the problem-
solving process

• Attributes are discrete

• Attributes can have hierarchical 
structures

• Attributes are latent variables



Attribute:
any procedure, skill, or process 
that involves in the problem-
solving process

• Attributes are latent variables

• Attributes are discrete

• Attributes can have hierarchical 
structures

If the test measures 5 attributes, 5 mastery statuses need to be 

estimated for each student. 

Prerequisite 

skills

Comparing 

fractions

Ordering 

fractions

Constructing 

ratios

Applying    

algorithms

Angela 0 0 0 0 0
Charlie 1 0 0 0 0
Jessica 0 1 0 0 0

⁝



Attributes: Why latent 
variables?

• Students’ responses do not 
always a reflection of what they 
know
• Guessing

• Carelessness

• Tasks often involve multiple 
attributes
• Hard to know why a student fail

• Hard to know why a student 
succeed

• Latent variables allow us to 
make principled inferences from 
evidence



Latent class



Latent class

If a test measures 5 attributes, there are 25=32 possible attribute 

profiles, each labelling a latent class.

Prerequisite 

skills

Comparing 

fractions

Ordering 

fractions

Constructing 

ratios

Applying    

algorithms

α1 0 0 0 0 0

α2 1 0 0 0 0

α3 0 1 0 0 0

⁝

α32 1 1 1 1 1



Diagnosis



Diagnosis

11000

11011

11111

00000



CDM inputs: 
Item response 
data



CDM inputs: 
Q-matrix



CDM outputs

• Item parameters



CDM outputs

• Item parameters

• Individual-level 
profiles

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Skill 1

Skill 2

Skill 3

Probability of mastering each attribute



CDM outputs

• Item parameters

• Individual-level 
profiles

• Population-level 
profiles



Outline

• Introduction to Diagnostic Assessments

• Cognitive Diagnosis: Terminology, Inputs and Outputs

• Cognitive Diagnosis Basics Again: Attributes

• Cognitive Diagnosis: Models

• Cognitive Diagnosis: Applications and New Developments

• Cognitive Diagnosis in R



Attributes

• (Psychometric) attributes characterize test items, and may be 
interpreted as cognitive processes, procedures, or skills that are 
required to perform correctly on a particular test item

• In more recent usage, the term attributes has been redefined to refer to 
any procedures, skills, or processes that an examinee must possess to 
solve a test item

• That is, the term attributes has been used to refer to person-specific, 
not just item-specific characteristics



Attributes

• As in conventional IRT, attributes in cognitive diagnosis modeling are 
construed as latent constructs and are represented by latent variables in 
the CDMs

• In cognitive diagnosis modeling, the goal is to provide detailed 
information about the examinees’ (cognitive) attributes



Attributes

• For diagnostic purpose, attributes need to be closely tied to classroom 
instruction:

• Conceptually multidimensional

• Fine-grained in nature

• Curriculum- and skill-based

• Statistically reliable

• Didactically actionable



An example: attributes in a proportional reasoning test



Attributes in Clinical Psychology

• A diagnostic classification test for internet addiction (Tu et al., 2017) 
based on Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5). 

• Based on the, DSM-5, to be classified as a internet gaming disorder, an 
individual must meet 5 or more criteria



Other examples of Attributes in Clinical Psychology

• Alcohol-related problems, anxiety, hostility, and depression (Tan et al., 
2022)

• Anxety, somatoform, thought disorder, major depression (de la Torre, 
van der Ark, & Rossi, 2018)



CDM Application in Personnel Selection

• Situational judgment tests (SJTs) have become popular for personnel 
selection

• These tests are designed to evaluate candidate’s judgments regarding 
situations encountered in the workplace

• Test takers are usually asked to choose an option from a set of possible 
course of actions



Attributes in Personnel Selection

• When studying for an exam, do you find that you reach best results 
when:

• you start planning and setting aside time in advance

• work in a clean environment, even if it means taking time away from studying

• wait for inspirations before becoming involved in most important study tasks

• wait until the last day or so to study, knowing that you have to get it done now 



CDM Application in Personnel Selection

• To identify whether applicants have a set of desired characteristics 
(Sorrel, 2016):

• A1: Study habits

• A2: Study attitudes

• A3: Helping others

• A4: Generalized compliance
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Cognitive Diagnosis Models

Data

Attributes

Items

Q-matrix

Cognitive Diagnosis Models



Parametric Approaches for Diagnosis

• Cognitive Diagnosis models

• Attributes are assumed to be categorical (often binary)

• Also called Diagnostic classification models, Cognitive psychometric models, 
Multiple classification (latent class) models, Latent response models, 
Restricted latent class models, Structured located latent class models, 
Structured IRT models



Parametric Approaches for Diagnosis

• Defining characteristics of CDMs

• Multidimensional nature

• Confirmatory nature

• Complexity of their loading structure

• Types of observed response variables

• Types of latent predictor variables

• Interactions of the latent predictor variables

• Criterion-referenced interpretations

• Diagnostic nature of the interpretations



Data

Attributes

Items Q-matrix

CDMs

+ - X

3X4-2 0 1 1

6-1 0 1 0

5+3X6 1 0 1

+ - X

Student 1 0 0 0

Student 2 1 1 0

Student 3 1 1 1

3X4-2 6-1 5+3X6

Student 1 0 0 0

Student 2 0 1 1

Student 3 1 1 1



Questions

• Suppose N = sample size, J = test length, K= number of attributes

• What is the dimension of the item response matrix?

• What is the dimension of the Q-matrix?

• What is the dimension of the attribute profile matrix?

• What is the total number of possible attribute profiles?





Cognitive Diagnosis Models

• Models at item response level

• How students use attributes to solve each item

• Conjunctive rule

• Disjunctive rule

(CorrectResponse)= (AttributeProfile, ItemParameters)P f



CDMs

• CDMs are item response models

• For item j

• αl is the lth attribute vector for item j

(CorrectResponse)= (AttributeProfile, ItemParameters)P f



Nate and Dale are making s’mores. Nate has 4 marshmallows and 3 crackers. Dale has 
7 marshmallows and twice as many crackers as Nate. Whose s’mores have a stronger 
marshmallow taste (greater marshmallows-to-crackers ratio)? 
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CDM Analysis Procedure

Shi, Q., Ma, W., Robitzsch, A., Sorrel, M. 
A., & Man, K. (2021). Cognitively 
Diagnostic Analysis Using the G-DINA 
Model in R. Psych, 3(4), 812–835. 
https://doi.org/10.3390/psych3040052

https://doi.org/10.3390/psych3040052


Item-level model comparison



Model-data fit 

• CDM or Q-matrix misspecifications can happen 

• For CDM inferences to be valid, it is important to evaluate how well 
the model fits the data            → absolute fit evaluation

• With the availability of various CDMs, it is also important to choose 
the most appropriate model → relative fit evaluation



Q-matrix validation

• Recall: A Q-matrix specifies which attributes are necessary for each 
item

• Most CDM analyses assume that the Q-matrix is correctly specified

• Thus, model misfit attributable to the Q-matrix are not addressed and 
remedied

• Q-matrix estimation vs. Q-matrix validation
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Methodological Developments

• The DINA, DINO and G-DINA models are most basic CDMs

• They have been used as building blocks for more complex models



Methodological Developments

• Dichotomous data → polytomous data

• Constructed-response tasks

• Likert-scale items

• Multiple-choice questions with coded options



Methodological Developments

• Dichotomous attributes → polytomous attributes → continuous 
attributes

• Accommodate coarser-grained attributes

• Improve model-data fit



Methodological Developments

• Cross-sectional data → longitudinal data

• Monitor students’ progress

• Evaluating intervention effects

• May provide more accurate estimation 



Methodological Developments

• Other model extensions

• Single strategy → Multiple strategies

• Confirmatory CDMs → Exploratory CDMs

• Skills-based models → models for misconceptions, disengaged behaviors, etc.

• Models with task response data → Models with process data

• Parametric models → nonparametric approaches



Methodological Developments

• New estimation methods 

• for small samples 

• large number of attributes

• Conditions for identifiability

• Q-matrix estimation or validation

• Reliability estimation

• CD-CAT



Applications (Some examples)
• Math education

• Tjoe, H., & de la Torre, J. (2014). The identification and validation process of proportional reasoning attributes: an application of a cognitive 
diagnosis modeling framework. Mathematics Education Research Journal, 26(2), 237–255. doi: 10.1007/s13394-013- 0090-7

• Science education

• Zhai, X., Haudek, K. & Ma, W. (Accepted). Assessing argumentation using machine learning and cognitive diagnostic modeling. Research in 
Science Education. https://doi.org/10.1007/s11165-022-10062-w

• Language assessments

• Lee, Y.-W., & Sawaki, Y. (2009b). Cognitive diagnosis approaches to language assessment: An overview. Language Assessment Quarterly, 6(3), 
172–189. doi: 10.1080/15434300902985108

• Game-based assessments

• Yu, J., Ma, W., Moon, J., & Denham, A. (Accepted​). Developing a Stealth Assessment System Using a Continuous Conjunctive Model. Journal 
of Learning Analytics, 9(3), 11-31. https://doi.org/10.18608/jla.2022.7639

• Mental health

• Tan, Z.*, de la Torre, J., Ma, W., Huh, D., Larimer, M., & Mun, E-Y. (2022). A tutorial on cognitive diagnosis modeling for characterizing mental 

health symptom profiles using existing item responses. Prevention Science. http://doi.org/10.1007/s11121-022-01346-8

• I/O psychology

• Sorrel, M. A., Olea, J., Abad, F. J., de La Torre, J., Aguado, D., & Lievens, F. (2016). Validity and reliability of situational judgement test scores. 
Organizational Research Methods, 19(3), 506–532. doi: 10.1177/1094428116630065

• Cognitive psychology 

• Wang S, Hu Y, Wang Q, Wu B, Shen Y and Carr M (2020) The Development of a Multidimensional Diagnostic Assessment With Learning Tools 
to Improve 3-D Mental Rotation Skills. Front. Psychol. 11:305. 

https://rdcu.be/cRj2t
https://doi.org/10.18608/jla.2022.7639
https://doi.org/10.1007/s11121-022-01346-8


Real-world applications



Real-world applications



Real-world applications



Real world applications



Summary

Cognitive diagnostic 

assessments (CDAs)

Students

Teachers

Supplemental learning 

materials/homework

Diagnostic 

Report

CDMs

Cognitive diagnostic 

assessments (CDAs)

CDMs
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Software Programs for Diagnostic Modeling

• Commercial

• Mplus (see Templin, & Hoffman, 2013)

• LatentGold (see DeCarlo, 2010)

• FlexMIRT (Houts, & Cai, 2015)

• Free R packages

• CDM (George,  et al, 2016)

• GDINA (Ma, & de la Torre, 2020)



CDM: Cognitive Diagnosis Modeling

• Developed by Alexander Robitzsch, Thomas Kiefer, Ann Cathrice
George, and Ali Uenlue

• Functions for cognitive diagnosis modeling and multidimensional item 
response modeling for dichotomous and polytomous item responses. 
This package enables the estimation of the DINA and DINO model, 
the multiple group (polytomous) GDINA model, the multiple choice
DINA model, the general diagnostic model, the structured latent class 
model and regularized latent class analysis.

• Website: https://cran.r-project.org/web/packages/CDM/index.html

https://cran.r-project.org/web/packages/CDM/index.html


GDINA: The Generalized DINA Model Framework

• Developed by Wenchao Ma, Jimmy de la Torre, Miguel Sorrel and 
Zhehan Jiang

• Package website: https://wenchao-ma.github.io/GDINA/

• Source code: https://github.com/Wenchao-Ma/GDINA/

https://wenchao-ma.github.io/GDINA/
https://github.com/Wenchao-Ma/GDINA/


GDINA: The Generalized DINA Model Framework

• Estimating G-DINA model and a variety of 
widely-used models subsumed by the G-DINA 
model, including the DINA model, DINO model, 
additive-CDM (A-CDM), linear logistic model 
(LLM), reduced reparametrized unified model 
(RRUM), multiple-strategy DINA model for 
dichotomous responses

• Estimating Bugs models for dichotomous 
responses

• Estimating sequential G-DINA model for ordinal 
and nominal responses

• Estimating the generalized multiple-strategy 
cognitive diagnosis models and diagnostic tree 
model for multiple strategies

• Estimating multiple-choice CDMs

• Accommodating multiple-group model analysis

• Accommodating binary and polytomous 

attributes

• Validating Q-matrix under the general model 

framework

• Evaluating absolute and relative item and 

model fit

• Comparing models at the test and item levels

• Detecting differential item functioning using 

Wald and likelihood ratio test

• Providing graphical user interface for users 

less familiar with R



A Demo using GDINA R package

• If you have a computer and would like to try, please download data 
and Q-matrix from:

wenchaoma.people.ua.edu/downloads

The slides can also be found from the website above.

• The data with responses of 837 students to 15 items were simulated 
based on a subset of the proportional reasoning test data.

• The test measures 3 attributes.

• We are going to use GDINA R package for illustration.



Data and Q-matrix

Model 
specifications

Inputs & model 
specifications

Item parameters

Person parameters

Calibration 
outputs Q-matrix validation

Item-level model 
selection

Classification 
accuracy

Diagnostics



Exercise

• Please use data2 and Q2 for the following exercises.

• For Item 15, the G-DINA model parameter estimates are P(100) = 0.4___57, P(101) = 0.6___96.

• The proportion of individuals having an attribute pattern of 111 in the population is estimated to be 0.3__12

• The proportion of individuals who master a1 in the population is estimated to be 0.80___7.

• Plot item success probabilities for Items 5, 8 and 15. Which item(s) appear to follow the DINO models?

• Find the EAP estimate of attribute pattern for the third individual.



Thank you!

Questions?
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