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Paper-pencil tests
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Standard tests

Figure: Exams when I was a student
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Process Data
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Paper-pencil test, standard test, computer-based
interactive test
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Process response
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Process response
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Process data
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Process Data Research

I New problems:

I problem-solving strategy analysis
I cognitive structures
I ...

I Existing problems:

I assessment
I differential item functioning
I computerized adaptive testing
I adaptive learning, etc.
I ...
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Four aspects

I Research objective

I Empirical findings

I Technical details: references

http://www.scientifichpc.com/processdata/pub.html

I Implementation: sessions 3 and 4
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Content of the overview

I Feature extraction: (θ1, ..., θK ) ∈ RK

I Partial scoring

I Removing differential item functioning
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Feature Extraction
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Embedding

13 / 62



Embedding

I Process response:

action:Start, Click cs, Click ObtNo, ..., Next, Next OK

time: 0.0 , 2.9 , 12.1 , ..., 60.4, 62.2

I Summarize the process to (θ1, ..., θk) ∈ Rk .
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A large variety of items

I Email handling/classification, spread sheet handling, scheduling,
web browsing/comprehension, etc.

I Learning/interactive with a system, designing experiments, etc.
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Process Data
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Very noisy
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Figure: Lag 2 autocorrelation: cor(at , at+2)
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Objective

I Denoising: aggregate the process to strengthen the signal.

I Formatting: θ ∈ RK , for K ≥ 100.

I Dimension reduction.
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Latent structure extraction

a1 a2 a3 ...... aj ∈ A = {1, ...,m}

I Process length varies among individuals in the range of [3,1000]

I The number of possible actions m varies among items in the range of
[20, 300].

I (a1, ..., ani )⇒ (θ1, ..., θk)
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Evaluation criteria

I Process features: (a1, ..., ani )⇒ θ = (θ1, ..., θk)

I Benchmark: (a1, ..., ani )⇒ r ∈ {X,×}: task accomplishment

I Does θ contain more information than r? How much information do we
loose?
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Assessing latent variable

I y : a different variable, such as literacy score.

I ŷθ: prediction based on θ

versus

I ŷr : prediction based on r
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Latent structure extraction

I Multidimensional scaling

Tang, X., Wang, Z., He, Q., Liu, J., and Ying, Z. (2019) Latent Feature Extraction for Process Data via
Multidimensional Scaling. Psychometrika.

I Autoencoder

Tang, X., Wang, Z., Liu, J., and Ying, Z. (2019) An Exploratory Analysis of the Latent Structure of Process
Data via Action Sequence Autoencoder. British Journal of Mathematical and Statistical Psychology.

I R package

Tang, X., Zhang, S., Wang, Z., Liu, J., and Ying, Z. (2021) ProcData: An R Package for Process Data
Analysis. Psychometrika. To appear.
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Multidimensional scaling
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Multidimensional scaling
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Multidimensional scaling
I Two response processes: ai = (ai1, ..., aini ), aj = (aj1, ..., ajnj )

(ai , aj)→ dij = d(ai , aj)

I The distance Gómez-Alonso and Valls (2008)

d(ai , aj) =
f (ai , aj) + g(ai , aj)

ni + nj
,

I Common actions:

f (ai , aj) =

∑
a∈Cij

∑Ka
ij

k=1 |s
a
i (k)− saj (k)|

max{ni , nj}
,

I Uncommon actions:

g(ai , aj) =
∑
a∈Uij

na
i +

∑
a∈Uji

na
j ,
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I The distance Gómez-Alonso and Valls (2008)

d(ai , aj) =
f (ai , aj) + g(ai , aj)

ni + nj
,

I Common actions:

f (ai , aj) =

∑
a∈Cij

∑Ka
ij

k=1 |s
a
i (k)− saj (k)|

max{ni , nj}
,

I Uncommon actions:

g(ai , aj) =
∑
a∈Uij

na
i +

∑
a∈Uji

na
j ,

28 / 62



Multidimensional scaling
I Two response processes: ai = (ai1, ..., aini ), aj = (aj1, ..., ajnj )

(ai , aj)→ dij = d(ai , aj)
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Multidimensional scaling

I Two response processes: ai = (ai1, ..., ain1), aj = (aj1, ..., ajn2)

(ai , aj)→ dij , 1 ≤ i , j ≤ n

I Distance matrices D = (dij)n×n

I Latent variable θi ∈ Rk .

dij = ϕ(θi , θj) + εij

where ϕ(θi , θj) = |θi − θj |.
I Optimization

min
θ1,...,θn

∑
i<j

|dij − ϕ(θi , θj)|2.

I Tang, X., Wang, Z., He, Q., Liu, J., and Ying, Z. (2019) Latent Feature
Extraction for Process Data via Multidimensional Scaling. Psychometrika.
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Autoencoder

Input OutputLatent 
Representation

Encoder Decoder
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âT

a1
a2
!
aT

x1
x2
!
xT

y1
y2
!
yT

θ1
θ2
!
θT

θT
θT
!
θT

θT

Encoder Decoder

31 / 62



ht ht+1ht-1

xt xt+1xt-1

ɵt ɵt+1ɵt-1

Input

Output

Hidden 
State … …

32 / 62



Autoencoder

I Autoencoder via tenorflow

I Tang, X., Wang, Z., Liu, J., and Ying, Z. (2019) An Exploratory Analysis
of the Latent Structure of Process Data via Action Sequence
Autoencoder. British Journal of Mathematical and Statistical Psychology.
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Criterion

I a⇒ θ ∈ RK : multidimensional scaling or autoencoder

I a⇒ r ∈ {X,×}: task accomplishment
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Assessing latent variable

I How much information did we lose to r?

I r̂θ: prediction of task accomplishment based on θ.

I To what extend θ captures the information in r .
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Assessing latent variable through prediction

I How much additional information do we gain?

I y : a different variable, such as numeracy score.

I ŷθ: prediction based on θ

Versus

I ŷr : prediction based on r
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Demographic variables
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Closer look at the latent variables – principle components
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Figure: Principle components of θ. PC1 correlation with number of
skipped items: 0.88
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Latent variable in subpopulations
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Applications

I Partial score: improving assessment accuracy

I Removing differential item functioning (DIF)
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Partial scores

I IRT model

P(rj = 1|η) =
eaj (η−bj )

1 + eaj (η−bj )

I Assessment (grading/scoring) via maximum likelihood estimate

η̂(r1, ..., rJ) = arg max
η

∏
j

P(rj |η)

I Process-data-based scores: η̂(aj)
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Partial scores

I Difficulty: validity

I Partial scores based on the entire response process

I Scores guided by y .

I Generalization: assisting any measurable characteristics
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Partial scores guided by response

I Train a scoring rule f (a) towards η.

I r = g(η) + ε ∼ a, ε is a-predictable.

I g(η) + ε ∼ a

I Proxies

I η̂(r−j) = η + ε

I a: process features θ

η̂(r−j) ∼ θ
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Partial scores guided by response

1. Extract process feature θj for each item

2. Compute IRT score η(r−j)

3. Regression: η̂ = f (θj)

4. Score: f (θj)
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Evaluation criterion – improving reliability

I 14 PSTRE items in total

I Randomization

I Session 1 (7 items): η̂1 IRT estimate, η̃1 process data estimate

I Session 2 (7 items): η̂2 IRT estimate

I Compare cor(η̂1, η̂2) against cor(η̃1, η̂2)
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Out-of-sample Reliability
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Differential item functioning (DIF)

I About differential item functioning

I Literature: identifying DIF

I Process data: removing DIF
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Framework
I Response Y with item response function

r ∼ η, x1, ..., xm

f (r |η, x1, ..., xm)

I Assessment model
r ∼ η

I Observed item response function

f (r |η) =

∫
f (r |η, x1, ..., xm)π(x1, ..., xm|η)dx1...dxm

I Two groups: 1 and 2.

fg (r |η) =

∫
f (r |η, x1, ..., xm)πg (x1, ..., xm|η)dx1...dxm

I DIF: unbalanced distributions πg (η, x1, ..., xm) in groups 1 and 2.
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Removing DIF

I Ideal solution: use the correct item response function f (r |η, x1, ..., xm).

I x1, ..., xm unobserved

I Use process data features as proxies, θ1, . . . , θK .
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Removing DIF – technical aspects

I Over fitting: including all process feature

f (r |η, θ1, . . . , θK ) = f (r |θ1, . . . , θK )

I Variable selection: minimum amount of process data so that

‖f1(r |η, θi1 , . . . , θil )− f2(r |η, θi1 , . . . , θil )‖ ≈ 0
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Why are process features good proxies?

I Process features contain sufficient information to remove DIF

r = f (θ1, . . . , θK )

I Overfitting

I No extra information to estimate η

I DIF versus information: include minimum amount of process data to
maintain non-differentiation of item functioning.

I A forward search algorithm

maxj‖f1(r |η, θi1 , . . . , θik , θj)− f2(r |η, θi1 , . . . , θik , θj)‖
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Empirical results
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Empirical results
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Empirical results
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Empirical results
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