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Agenda

I Problem-solving strategy and subtask

I Subtask identification procedure

I Empirical results

I Implementation



4/24

Example

Start
Toolbar Sort
Sort A 2
Sort OK
Menu Edit
Menu Help
Menu Data
Toolbar Help
Toolbar Save
Tick 9
Tick 12
Tick 19
Tick 13
Tick 14

Next



4/24

Example

Start
Toolbar Sort
Sort A 2
Sort OK
Menu Edit
Menu Help
Menu Data
Toolbar Help
Toolbar Save
Tick 9
Tick 12
Tick 19
Tick 13
Tick 14

Next



5/24

How to Identify Problem-Solving Strategies?

Start, Toolbar Sort, Sort A 2, Sort OK, Menu Edit, Menu Help, Menu Data,

Toolbar Help, Toolbar Save, Tick 9, Tick 12, Tick 19, Tick 13, Tick 14, Next

I Examining the processes one by one?

I Time-consuming

I Checking whether the key action appear or not?

I Most strategies cannot be described by a single action.

I Checking whether certain action patterns appear or not?

I A strategy could be indicated by a variety of action patterns.
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Problem-Solving Strategy and Subtasks

Start, Toolbar Sort, Sort A 2, Sort OK, Menu Edit, Menu Help, Menu Data,

Toolbar Help, Toolbar Save, Tick 9, Tick 12, Tick 19, Tick 13, Tick 14, Next

↓
SORT, EXPLORE, ANSWER

I A complex task can often be decomposed into subtasks.

I A response process has a corresponding subtask process.

I The subtasks used and their order reflect respondents’
problem-solving strategies.

I Subtask Identification Procedure: a data-driven method to
identify subtasks in response processes.
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Notation

I a generic response process s = (s1, . . . , sL)

I action set A = {a1, . . . , aM} (all possible actions in an item)

I st ∈ A, for t = 1, . . . , L.
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Main Idea
I Subprocesses performing the same subtask are often similar.

I Consider predicting st+1 based on s1, . . . , st .

I In which case the prediction problem is easier?

I st and st+1 is in the middle of a subtask.

more predictable

I st and st+1 belongs to different subtasks.

I A typical curve of unpredictability
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Subtask Identification Procedure
1. Prediction. Fit an action prediction model and quantify the

unpredictability of the next action at each step.

2. Segmentation. Partition the response process into multiple
subprocesses based on the unpredictability curve.

3. Clustering. Cluster the subprocesses according to their action
frequency and label the clusters as subtasks.

U
np

re
di
ct
ab

ilit
y

Start

Toolbar_Sort

Sort_A_2

Sort_OK Menu_Edit

Menu_Help

Menu_Data

Toolbar_Help

Toolbar_Save

Tick_9

Tick_14

Tick_13

Tick_12

Tick_19

Index



9/24

Subtask Identification Procedure
1. Prediction. Fit an action prediction model and quantify the

unpredictability of the next action at each step.

2. Segmentation. Partition the response process into multiple
subprocesses based on the unpredictability curve.

3. Clustering. Cluster the subprocesses according to their action
frequency and label the clusters as subtasks.

U
np

re
di
ct
ab

ilit
y

Start

Toolbar_Sort

Sort_A_2

Sort_OK Menu_Edit

Menu_Help

Menu_Data

Toolbar_Help

Toolbar_Save

Tick_9

Tick_14

Tick_13

Tick_12

Tick_19

Index



9/24

Subtask Identification Procedure
1. Prediction. Fit an action prediction model and quantify the

unpredictability of the next action at each step.

2. Segmentation. Partition the response process into multiple
subprocesses based on the unpredictability curve.

3. Clustering. Cluster the subprocesses according to their action
frequency and label the clusters as subtasks.

U
np

re
di
ct
ab

ilit
y

Start

Toolbar_Sort

Sort_A_2

Sort_OK Menu_Edit

Menu_Help

Menu_Data

Toolbar_Help

Toolbar_Save

Tick_9

Tick_14

Tick_13

Tick_12

Tick_19

Index

Cluster 1 Cluster 3Cluster 2



9/24

Subtask Identification Procedure
1. Prediction. Fit an action prediction model and quantify the

unpredictability of the next action at each step.

2. Segmentation. Partition the response process into multiple
subprocesses based on the unpredictability curve.

3. Clustering. Cluster the subprocesses according to their action
frequency and label the clusters as subtasks.

U
np

re
di
ct
ab

ilit
y

Start

Toolbar_Sort

Sort_A_2

Sort_OK Menu_Edit

Menu_Help

Menu_Data

Toolbar_Help

Toolbar_Save

Tick_9

Tick_14

Tick_13

Tick_12

Tick_19

Index

SORT ANSWEREXPLORE



10/24

Step 1: Prediction – Action Prediction Model

P(s) =
L−1∏
t=1

P(st+1 | s1:t)

I We need to characterize p(st+1|s1:t) for all possible s1:t and t.

I The model should

I account for the long term dependence in response processes

I be flexible to describe complex problem-solving behaviors.

I Three key components:

I embedding: aj ∈ A ↔ ej ∈ RK

I recurrent neural network

I multinomial logistic model
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Step 1: Prediction – Action Prediction Model

⋯

⋯

⋯

Embedding

RNN
✓t = f(✓t�1, xt)
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Step 1: Prediction – Entropy

I Unpredictability of the next action is characterized by the
entropy of its predictive distribution:

ht = −
M∑
j=1

ptj log(ptj),

where ptj = p(st+1 = aj | s1:t).

I st+1 is completely unpredictable if p(st+1 | s1:t) is distributed
evenly on A.

I st+1 is completely predictable if p(st+1 | s1:t) is concentrated
on a single element in A.

I Response process s = (s1, . . . , sL) is transformed into an
entropy process h = (h1, . . . , hL−1).
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Step 2: Segmentation

I The segmentation step partitions an entropy sequence by
identifying U-curves (deep enough U-shaped curves).

I A subset hi :j of the entropy process h forms a U-curve if

min{hi , hj} − min
i≤t≤j

ht ≥ λ
(

max
1≤t≤L−1

ht − min
1≤t≤L−1

ht

)
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Step 3: Clustering

Start, Toolbar_Sort, 
Sort_A_2, Sort_OK 

Start, Toolbar_Sort, 
Sort_D_5, Sort_A_2, Sort_OK 

Menu_Edit, Menu_Help, 
Menu_Data, Toolbar_Help, 
Toolbar_Save

Tick_9, Tick_12, Tick_19, 
Tick_13, Tick_14, Next

s(1)

Tick_9, Tick_19, Tick_14, 
Tick_12, Tick_13, Tick_6, 
Untick_6, Next

s(2)

Sequence 
segmentation
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Start, Toolbar_Sort, 
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Menu_Edit, Menu_Help, 
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Tick_9, Tick_19, Tick_14, 
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Sequence 
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3
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2

z(2)
1

Action 
frequency 
profile

I Each segment is represented by its action frequency profile
z = (z1, . . . , zM)

I zj is the proportion of action aj in the segment.
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Cluster 1 

Cluster 2

Cluster 3

I Similar segments are grouped by clustering the action
frequency profiles.

I We use k-means.
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I Each cluster is interpreted as a subtask.

I It is often helpful to examine each cluster’s action frequency
profile relative to the overall action frequency in the dataset.
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I Each process is transformed into a subtask sequence

I s(1) → (SORT, EXPLORE, SELECT)

I s(2) → (SORT, SELECT)
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Step 3: Clustering - Choose Number of Subtasks

I Based on the understanding of the item

I A data-driven method: elbow method.
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Empirical Results – PIAAC U19b

I Item set-up is similar to the example item.

I M: ∼300; L: 10 ∼ 1000

I Three subtasks (clusters) are identified according to the elbow
method.

I High relative frequency actions in each cluster:

I : SS, WP, Menu WP Edit, Menu WP File, Tick 1,
Menu SS Edit, Menu SS File

I : Sort 2A, Sort 2D, Sort 2 D, Sort OK, Sort 1 D, Sort 1 C,
Sort 1D, Sort 2 C, Sort 1A, Menuitem Sort

I : Tick 29, Tick 55, Tick 160, Tick 82, Tick 8, Tick 96,
Tick 18, Tick 193
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Empirical Results – PIAAC U19b
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Empirical Results – PIAAC U19b

Some descriptive statistics on strategies:

I 69.2% of the respondents used the sorting strategy.

I Use SORT: 71.0% correct; No SORT: 61.5% correct.

I 1 - 4 SORT: 72% correct; > 4 SORT: 55% correct

I Total response time in seconds for correct answers:

I Use SORT: 201 (211);

I No SORT: 213 (705).
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Subtask Analysis in ProcData1

subtask analysis(action seqs, n subtask, lambda=0.3,

rnn dim=20, n epoch=20,

step size=0.001, batch size=1,

optimizer name="rmsprop",

index valid = 0.2, verbose=FALSE,

...)

I subtask analysis() performs the three-step Subtask
Identification Procedure (SIP).

I Step 1: action2entropy() fits an action prediction model
and computes the entropies of predictive distributions.

I Step 2: entropy2segment() segments the entropy sequences

I Step 3: segment2subtask() clustering the segments to form
subtasks.

1The functions mentioned in pages 19–22 is currently available in the
version hosted on Github and will be available in the next version on CRAN.
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Subtask Analysis in ProcData

subtask analysis(action seqs, n subtask, lambda=0.3,

rnn dim=20, n epoch=50,

step size=0.001, batch size=16,

optimizer name="rmsprop",

index valid = 0.2, verbose=FALSE, ...)

Code demonstration: chunk 1 in subtask demo.R
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Plotting Results

plot.subtask(): plot method for objects of class "subtask".

I It plots subtask analysis results for individual sequences or the
entire dataset.
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Plotting Results
plot.subtask(object, type, col.subtask, max len,

index, cex.action, lty, pch, srt,

plot legend, legend pos, ...)

I object is an object of class "subtask".

I type specifies the plot type: "individual" or "all".

I col.subtask specifies the colors for the subtasks.

I plot lengend specifies whether to plot legends for subtasks. If
TRUE, legend pos specifies where to position the legend.

I If type="all", max len specifies the max length of the plotted
subtask sequences.

I If type="individual",

I index are the indices of the sequences to be plotted.

I lty and pch specifies line type and point characters.

I cex.action specifies the size of action text labels.

I srt specifies the angle to rotate the text labels.

Code demonstration: chunk 2 in subtask demo.R
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