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Background-Abstract

New technologies enable interactive and adaptive items to be adopted in educational measurements. The recorded
human-computer response process provides opportunities of extracting useful information of problem-solving.

However, the process data is typically complex, expensive, and noisy, which makes it a challenging to extract useful
information.

Social network analysis with latent space model a possible solution for handling the process data and psychometrics
modeling (e.g. partial scoring)
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Research Question - Abstract

The purpose of this study is to discuss the use of latent space model for extracting the information from
process data with an example of partial scoring =» Model

Meanwhile, we will introduce the simulation study to check the performance of the LSM in identifying the
relative importance of actions and task-takers’ latent proficiency under different situations . =» Simulation Study

Finally, the proposed model will be applied in PISA 2012 =» Real Case Study
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A little bit literature review

Paper-pencil test, standard test, computer-based interactive test
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Unité

You ordered a desk lamp from KE-
Lamps.com.

The desk lamp arrived, but it was not
the color you ordered.

Using the company’s website, arrange
to exchange the lamp you received for
the one you ordered.

Once you have finished, click Next to
go on.

KE-Lamps.com
The best way to light your life

|

Table Lamps

Customer Comments Customer Service

Employment
Opportunities
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A little bit literature review

ARE 0000402 720.1 START_ITEM NULL

Process Data in computer-based interactive test qec o

ARE 0000402 805.3 dblclick nolD

ARE 0000402 806.8 END_ITEM NULL

ARE 0000372 10.8 START_ITEM NULL
0000372 2515 click ItemContent

I~ e SR "'_"‘. —
X ‘ w l""‘* # % ! 0000372 26.7 click paragraph02
= oA le—xn 3 5

“ 0000372 EER: END_ITEM NULL

. 0000372 263.7 START_ITEM NULL
0 2.12.2 3.9 4.5 6.0 6.3 7.17.3 Time 0000372 272.6 END_ITEM  NULL
0000372 132.1 1 START_ITEM NULL
0000372 160.5 ACER_EVENT '10000000000000000000000
0000372 160.5 click hit_Diamondnowhere
0000372 162.0 ACER_EVENT '10000000000010000000000
H y— — —— — 0000372 162.0 click hit_nowhereSakharov
o % | 1"J ""J X =] i 3 E k i 0000372 EX ACER_EVENT '10000000000010001000000
- 0000372 163.6 click hit_SakharovMarket
— o o - 0000372 168.2 ACER_EVENT '10000000100010001000000
!,S F ,\1\‘ °5k ,iﬂ g % : ? % ; {U i H&U : 0000372 168.2 click hit_MarketPark

0000372 157857, click map
0000372 (157,587, ACER_EVENT '10000000100010011000000

? 3 F 0000372 175.7 click hit_Parknowhere
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0000372 177.5 ACER_EVENT '10000000101010011000000
0000372 177.5 click hit_nowhereEinstein

# =) % + 7 F { i+ . '

5 F U;U Z 5 % {U 0000372 181.2 ACER_EVENT '11000000101010011000000
0000372 181.2 click hit_DiamondSilver

0000372 183.8 ACER_EVENT '01000000000000000001000
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A little bit literature review

How to extract the information from Process Data?

TN OEEED L EE NEEF Direction 1: aggregating or summarizing actions in sequence to
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B V generate the features of the task-taker (popular)
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A little bit literature review

How to extract the information from Process Data?

@a R L) BIE b RE Direction 2: aggerating or summarizing over task-takers (or
—— V response sequence) to generate the features of action
;EFM?@‘Z NEIEINE v IE
QZ:HHZFEMI}%&H:@:T;?:F
® rO0UA0 E B KEE b L al2 -
Q>0 X1 )L 5, (X2 X3
] 4 M a1 b22 b32
. b12 b31 55
T A i b34
7 ) , i b21
@ , w 4 \‘ 4 bl14 24 \
13
[ 7 Y W \
i yl y2 y3 y4
(a) Systematicity = 1, N=406 (b) Systematicity = 2, N=296 (c) Systematicity = 3, N=621

social network analysis Hidden Markov model
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A little bit literature review

How to extract the information from Process Data?

C RO BEEE I hEE
EO0xp0Ea0 = » @ s BOE
unstandardized categorical sequential data with possible covariates
PropE:0E O bEHE s DO D EE
4N Oz g0 k28 b E unstandardized:
O non 1. the length of each response sequence is unstandardized;
2. total number of possible actions are known and fixed;
A B C D E
'8 3
0 1.1 0 O
0 0 0 1 1 Categorical & Sequential: adjacent matrix
0O 0 0 1 o
1 0 0 1 1
(0 0 0 0 0 Covariate: Response time and type of action
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Model

Latent Space Model for Process Data

We start with transferring the response sequence into the nXxn
adjacent matrix A, with each element A;; representing how
many times task-takers choose the jth action after the ith action.

o = O O O »r
o = = = ©o U

o O ©O O = W
o O ©O O = N
o = O = O m

\ 7 All possible (or necessary) actions in the process sequence
could be viewed as the actors in the social network. Edges
see represent the frequency of transition/connection among actions.
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Model

Latent Space Model for Process Data

The latent space model (LSM) is a technique to model the social network base on positing the existence of a latent space of
characteristics of the actors (Hoff, Raftery, & Handcock, 2002). Fundamentally, LSM is an extension of the exponential
random graph model (ERGM; Robins, et al., 2007) with latent positions as primary covariates along with other additional
covariates.

P(A|B,x,Z) = 1_[ P(A@ 1 ® O
(i,j)eA
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Model

Latent Space Model for Process Data

P

Mij (ﬁ  Xijy |Zi ~ D - Z XijicBie = |Zi ~7Z |’ Covariates included in LSM could be edge covariates (as shown
=1 in Equation 4) and actor covariates. Meanwhile, LSM can also
B i incorporate random effects (e.g., the receiver effect or sender
i (B, x4, |Z: — Z;|) = Z XikBix + z yilBi — |Z; — Z, effect when the social network is directional).
k=1 =1

K
ﬂij(.B: Xij |Zi - Zjl) = Xf(xik'yik)ﬂk - |Zi - Zjl
k=1

nij(B.xij, |Zi = Zi|) = ai +v; +|Zi — Zj]

TEACHERS COLLEGE COLUMBIA UNIVERSITY

A Graduate School of Education, Health & Psychology




M()del P(A|B,x,Z) = 1_[ P(Aij = aij|.3:xrz)»

Latent Space Model for Process Data (i,j)eA

P(Ay = ay|B, %, 2) = f (ay|E(4ylB, %, 12 - Z)])),

E(Aljlﬂl xij: Zi - Z]l) = g—l (T]l](ﬁt xijt |Zl - Z]D);

P

nij (B x5, |2 — Z|) = Z XieBre — |Zi — Zj],

k=1

The latent space model could be estimated by Markov Chain Monte Carlo (MCMC)

algorithm. In a Bayesian context, we can specify the hyperpriors on the LSM as following:

B ~N G ¥i), k=12,..,p

Zi o~ MVNd(ll, led), I = 1,2, e, n
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Model

How to model response time?

T e o [

A 1 2
B 4 5 6
C 7 8 9
D 11 12

@ 6.67 6.33 6

adjacent matrix for response time

Approach 1: average time intervals between two consecutive actions could be
included in the LSM as edge covariate

P
(B, xij, |Zi — Z|) = Z XijiBr — |2 — Z,
k=1

Approach 2: response time could also be viewed as the actor covariate
* Average Receiver Time
* Average Sender Time

P Q
i (B xij, |2 — Z;]) = Z XikBix + Z)’jzﬂjt -z, -z,
k=1 =1
Approach 3: incorporate response time as the weight of latent position.
P
Ny (B %, 12 = Z]) = Z Xijk B ‘Zi !
k=1
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Model

Latent Space Model for Process Data

Procedure 1. (Feature extraction for process data using LSM)
1. Build the adjacent matrix of actions based on the whole response sequences;

2. Add edge or actor covariate or assign the weight to the latent position distance into LSM with additional information

2. Estimating the d-dimensional latent position for each action using LSM.
A B c D E Dimension 1

r 3\
* schoolid * Time < Event_number * Event * Event_value
0000402 START_ITEM  NULL
0 2 dick map
dblclick nolD
END_ITEM  NULL
START_ITEM  NULL
2 click ItemContent
3 dick paragraph02
END_ITEM NULL
START_ITEM  NULL

END_ITEM NULL
Formula: G ~ euclidean(d = D) + sendercov("sender_RT")

Attribute: weight

Model: Poisson

MCMC sample of size 8000, draws are 100 iterations apart, after burnin of 5e+05 iterations.
Covariate coefficients posterior means:

ACER_EVENT '10000000000010001000000 Estimate 2.5% 97.5% 2*min(Pr(>0),Pr(<0))

(Intercept) 5.32522 5.24132 5.4063 <E 252 e Gk

START_ITEM NULL
ACER_EVENT '10000000000000000000000

click hit_Diamondnowhere

ACER_EVENT '10000000000010000000000

click hit_nowhereSakharov

click hit_SakharovMarket

8 ACER_EVENT '10000000100010001000000

SEr2e - TORREE

0000372

9 dlick
click
ACER_EVENT
click

3 ACER_EVENT
click

5 ACER_EVENT
click

ACER_EVENT

hit_MarketPark
map
'10000000100010011000000
hit_Parknowhere
'10000000101010011000000
hit_nowhereEinstein
'11000000101010011000000
hit_Diamondsilver

'01000000000000000001000

sendercov.sender_RT -0.24262 -0.31957 -0.1637

ShienifFcodes ORIt OO O/ IRt SN O F 0TIt O S O DR

Overall BIC: 19180.74
Likelihood BIC: 18894.05
Latent space/clustering BIC: 286.692

Covariate coefficients MKL:
Estimate

(Intercept) 5.12315858

sendercov.sender_RT -0.04397887

1
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Application
Partial Scoring with Latent Space Model
For a problem-solving item with process data, there usually exists a
sequence representing the minimum number of actions needed for giving a
o e correct answer. We denote this sequence as ‘minimum key sequence’.

We expect to see the task-takers with a high ability to choose as few
unnecessary actions as possible. Too many unnecessary actions indicate
struggling or randomly guessing. Consequently, by calculating the
distance/similarity between minimum key sequence with any response
process, we can determine how far away the response sequence from the best
solution.

LincolnSato

1 K L
dij =% Z Z d(X;, )
=1

EmeraldLincoln

Average Linkage
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Application

Partial Scoring with Latent Space Model

Procedure 2. (Partial Scoring Based on Latent Space Model)

1. Generate the latent positions of actions using latent space model;

2. Calculate the average linkage (or any other linkage criteria) between the response process and the minimum key
sequence;

2. Interpreter or score the item correctly: high average linkage means low ability.

25 (01592]

g

00000

Average Linkage

8 12
Rank of Task-takers
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Simulation

In this simulation study, twenty-six actions (N = 26) are involved in the item (e.g., A = {4, B, ..., Z}). Meanwhile,
we assume that all action sequences have to start with A and end with Z. Including the shared starting and ending action
allows us to generate action sequences with different lengths stochastically. The Markov model for generating action
sequences is determined by the remaining N — 1 actions. According to P, we can generate an action sequence by starting

from A and ending until Z appears. Meanwhile, we resample test-takers’ response until at least five actions are included
in the response sequence.

Based on the scenario of partial scoring, we assume that the key minimum sequence required 5 actions (i.e., A-H-K-
U-Z). Then ideal matrix P has 1 at the corresponding position of action transition and 0 at all the other positions. Thus,
the task-takers with the highest proficiency would have the same probability transition matrix as the ideal matrix P.
Consequently, we add more random noise to the ideal matrix P when the latent proficiency level of the task-taker is low.
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Simulation

In this simulation study, task-takers latent abilities (8) are randomly generated from the standard normal distribution.
We add the random noise to each task-taker’s probability transition matrix P, based on their latent ability. Random noise
threshold 1s determined by ability using the following formula:

1
—5)/10

T=(1-
1+e

For each task-taker’s action transition matrix P, we generate random noise u;; independently from the uniform

distribution on the interval [0, T]. Then, these random noises are added to the ideal matrix P, except for the positions of
action transitions in key minimum sequence. Since random noise threshold T range from 0 to 1, the transition position of
incorrect action transitions will have a lower probability than the correct action transitions. Finally, we need to
normalized probability using the following formula:

exp (i)
{V=1 exp (i)

Pi'=
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Simulation

1
High Ability:10 ---

--- N {1’2’1’2}

B

T=0 1 0 0 { 0 1
2 0 0 2 1 0
-- add to P Normalization
1 0
Low Ability:-10 0.06 004 > 1  0.055 0.945 > {1,2,2,1,2}
T=0.1 5 004 0.06 2 0.945 0.055
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Latent Ability

Latent Ability

Latent Ability

Simulation

0.5

0.5

Latent Ability

Latent Ability

Partial Scoing

Binary Scoring === FALSE TRUE

2.0

2.0

As we can see from Figure 1, we explore

three simulations with the number of test-takers
equal to 100, 500, 1000, 2000, and 5000.

The item difficulties for the 5 conditions
are: .3, .265, .232, .281, and .261 based on
inclusive rubric (whether all actions in the
minimum key sequences are included without
requirement of action order).
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Simulation

Table 1: Results of Simulation Study

#oftest- 1o Regression”

taker Interch*t Partial S*Sf)re Length of Sequence  Binary Score
D
o e Gm o am (o
w o e omen cw
e 1('.919551*; | 2(%) ('.8(1)(1)) (23)
5000 ] 1('.901696*;* 2(306605) ((?851) (:?gg)

Note: a. linear correlation between partial scoring as average linkage and latent ability; b. linear
regression with latent ability as dependent variable, and partial scoring, length of sequence, and binary
score (based on the inclusive rubric) as independent variables.

Table 1 indicates the linear correlation
between the partial score and latent ability. A
smaller partial score represents smaller
differences from the minimum key sequence
and higher ability. Thus, the partial scores and
latent abilities are negatively correlated with
value around —.5. Meanwhile, Table 1 also
shows the linear regression with latent ability as
dependent variable and partial scoring, length
of sequence, and binary as independent
variables. Partial score 1s the only statistically
significant independent variable in predicting
the latent ability. For binary score, the estimated
coefficient is unsignificant and even negative
for the cases with number of test-taker as 100
and 200. This illustrates the limitation of using
the binary score alone for analyzing the process
data.
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Table 2: Description of the Process Actions

Label Meaning Included in the Average Response Time
correct routes
cal Case dtudy T
P2 Diamond-Silver 0 3.64
P3 Emerald-Lincoln 0 1.26
P4 Emerald-Unity 0 1.26
P5 Lee-Mandela 1 1.26
S am‘[‘) 1 e P6 Lincoln-Sato 0 1.48
P7 Mandela-Einstein 1 1.68
TRA F FlC P8 Market-Lee 1 1.63
P9 Market-Park 0 1.39
Here is a map of a system of roads that links the suburbs within a city. The map shows the travel time in minutes at 7:00 am on each section of f’}(l) Novl&;zoe:{;:tein g }g;
road. You can add a road to your route by clicking on it. Clicking on a road highlights the road and adds the time to the Total Time box PL2 Nowhere-Emerald 0 1'31
You can remove a road from your route by clicking on it again. You can use the RESET button to remove all roads from your route P13 Nowhere-Sakharov 1 1:61
P14 Nowhere-Unity 0 1.41
P15 Park-Mandela 0 1.62
Diamond O Silver P16 Park-Nowhere 0 1.46
P17 Sakharov-Market 1 1.51
P18 Sakharov-Nobel 0 1.63
P19 Sato-nowhere 0 1.43
P20 Sliver-Market 0 1.78
P21 Sliver-nowhere 0 1.55
P22 Unity-Park 0 1.49
P23 Unity-Sato 0 1.55

Sakharov

Y Einstein

StIDStd Action Id Event Value Response Time
e Mandela 04854 1 Diamond-Silver 12.1
Total Time: 0 minutes RESET 04854 2 Market-Lee 3.1
Nobjel 04854 3 Sliver-Market 15
04854 4 Lee-Mandela 1.5
04854 5 Mandela-Einstein 14
04854 6 Reset 3.7
uestion: TRMTY 04854 7 Diamond-Nowhere 17
Maria wants to travel from Diamond to Einstein. The quickest route takes 31 minutes. Highlight this route 04854 8 Nowhere-Sakharov 28
04854 9 Sakharov-Nobel 14
04854 1 Lee-Mandela 12
04854 12 Mandela-Einstein 22
04854 13 Reset 22
04854 14 Diamond-Nowhere 2.1
CBA Program for International Student Assessment oiesd i pitrtevri
g 04854 16 Sakharov-Market 1.0
04854 17 Market-Lee 4.0
(PISA) 2012 computer-based items o . LecMandels ¥
p 04854 19 Mandela-Einstein 1.4

Table 1: Example of Process Sequence after Data Cleaning

TEACHERS COLLEGE

COLUMBIA UNIVERSITY

A Graduate School of Education, Health & Psychology




Real Case Study

StiDStd

10123
10123
10123
10123
09372
09372
09372
09372
09374
09374
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394
09394

* ot

ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE
ARE

Sample

* school_id

0000402
0000402
0000402
0000402
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372
0000372

* Time

720.1
795.7
805.3
806.8

10.8

25.5

26.7

EER:S
263.7
272.6
132.1
160.5
160.5
162.0
162.0
163.6
163.6
168.2
168.2
17357
757/
175.7
17725
17735
181.2
181.2
183.8

: Event_number

* Event

© N O U A WN B N H A WN R A WN R

START_ITEM
click

dblclick
END_ITEM
START_ITEM
click

click
END_ITEM
START_ITEM
END_ITEM
START_ITEM
ACER_EVENT
click
ACER_EVENT
click
ACER_EVENT
click
ACER_EVENT
click

click
ACER_EVENT
click
ACER_EVENT
click
ACER_EVENT
click

ACER_EVENT

~ Event_value

NULL

map

nolD

NULL

NULL

ItemContent

paragraph02

NULL

NULL

NULL

NULL
'10000000000000000000000
hit_Diamondnowhere
'10000000000010000000000
hit_nowhereSakharov
'10000000000010001000000
hit_SakharovMarket
'10000000100010001000000

hit_MarketPark

map
'10000000100010011000000
hit_Parknowhere
'10000000101010011000000
hit_nowhereEinstein
'11000000101010011000000
hit_DiamondSilver

'01000000000000000001000

We ignored all recorded events generated by the system. The
recorded actions not only contained the behavior on the executable
buttons (e.g., road/routes, reset, and submit), but also the click
behaviors on some specific inexecutable area (e.g., map, time
minutes, paragraph 1, and city names). We only included the
actions about the selection or de-selection of routes.

Among all the possible roads from Diamond to Einstein, at least 5
clicks of routes were needed.

We only kept the repeat actions an odd number of times.
Meanwhile, we included click of reset bottom and selection of
routes when building the adjacent matrix. Then, we only
maintained the rows and columns of route selection. In this way, we
did not create the unexciting connection between the action before
and after the reset clicks in the adjacent matrix, since they may not
be related in solving the problem.
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Real Case Study
Result

SilverMarket

NobelLee
Mgggﬁ_lggimem LincolnSato LeeMand
e’ MandelaEinstein
/,  nowhefeeigigidincoln ParkMandela
SakharovNobel
MarketLee
SakharovMarket
nowhereSakharov

|! \

\ )y

Ve

Diamondn.hené A Diamondnowhere

LeeMandela (| ‘\':~.

| <
nowher \

SafMarket) | DiamondSilver LincolnSato
W//PAN < Silvernowhere
SakharovNobel § 'Silverpowherey :
S EmeraldUnity
’ ) hereEmerald
UnityPark EmeraldUnity nowhereEmera
EmeraldLincoln
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Real Case Study
Result

We incorporated average sender response time as the actor covatiate. In this study, we fit the latent
position model with three-dimensional latent spaces based on the evidence from overall BICs (BIC =
19180.74).

The estimated intercept is 5.325 (p < .01) and the estimated fixed effect of sender response time is -.242
(p <.01).

Thus, the logs of the expected count of transition were expected to decrease .242 by when the sender
action’s response time increase one second. In other words, when a sender action had a longer response time,
we expected to see fewer action transitions from this sender. This may because longer sender response time
represented more confusion task-takers have.
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pl-pl3-p17-p8-p5-p7

Real Case Study
TRAFEIC p23'- 37 31 29 - 27 37 31 28 - 18 4 33 15 36 28 19 0
42

Here is a map of a system of roads that links the suburbs within a city. The map shows the travel time in minutes at 7:00 am on each section of p22 - 42 27 42 3.7 42 42 37 28 24 33 4.2 1.3 29 24 38 27 26 24 0 1.9
road. You can add a road to your route by clicking on it. Clicking on a road highlights the road and adds the time to the Total Time box
¥ . 14 32 3.7 44 37 44 37 27 27 1.9 34 1.2 35 2e78 32 32 1.6 0 2.1 28

Diamond §

Q Lincoln

Ssato

Sakharov Q
Y Einstein
Total Time: [ 0 | minutes. RESET

Question : TRAFFIC
Maria wants to travel from Diamond to Einstein. The quickest route takes 31 minutes. Highlight this route.

= Vel
Table 2: Description of the Process Actions 6
. Included in the .
Label Meaning Cottect Fontes Average Response Time 4
P1 Diamond-Nowhere 1 537
P2 Diamond-Silver 0 3.64 2
P3 Emerald-Lincoln 0 1.26
P4 Emerald-Unity 0 1.26 0
P5 Lee-Mandela 1 1.26
P6 Lincoln-Sato 0 1.48
P7 Mandela-Einstein 1 1.68
P8 Market-Lee 1 1.63
P9 Market-Park 0 1.39
P10 Nobel-Lee 0 1.41
P11 Nowhere-Einstein 0 1.83
P12 Nowhere-Emerald 0 1.31
P13 Nowhere-Sakharov 1 1.61
P14 Nowhere-Unity (] 1.41
P15 Park-Mandela 0 1.62
P16 Park-Nowhere 0 1.46
P17 Sakharov-Market 1 1.51
P18 Sakharov-Nobel 0 1.63
P19 Sato-nowhere 0 1.43
P20 Sliver-Market 0 1.78
P21 Sliver-nowhere 0 1.55 ' g y ' y ) . . y . j . . y - ; ; ;
P22 Unity-Park 0 149 pd p5 p6 p7 p8 p10 p11 p12 p13 p14 p15 p16 p17 p18 p19 p20 p21 p22 p23
P23 Unity-Sato 0 1.55
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According to Welch Two Sample t-test, there is a statistically significantly different

in average linkages for the correct and incorrect scored response process (M; =
Real Case Study

Result

2.5

N
)

Average Linkage

1.5

1.0

1.620,M, = 2.047,5D; = 0.485,SDy = 0.654,t = 5.572,p < 0.01). Takers who gave
the correct answers have smaller distances from the minimum key sequence and the
variation of average linkage is smaller.

°

Correct Or Not

® e FALSE
TRUE

[Eeees)

01520

4 8 12
Rank of Task-takers
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Conclusion

In this study, we introduced the latent space model and discussed how it could be applied in analyzing the
process data. We proposed a two-step approach: (1) transforming the unstandardized process sequence into adjacent matrix
and estimate the latent position of each (necessary) action using LSM, and (2) extending the conventional psychometrics
methods with latent positions. In this study, we took partial scoring as an example to show how process data could be
helpful to distinguish (rank) the task-takers within the correct or incorrect group. This method is not only useful for the
traffic problem in PISA but also for many other computer-interactive items.

What else?
* how to compare the performance of information extracting across different approach (e.g., LSM, Multidimensional
Scaling, and Neural Network)?
* what is the other application we can do with the estimated latent position of action? (e.g., DIF)
* Latent Space model with hierarchical cluster?
* Other simulation design?
* Other linkage criteria?
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Thank you

If you have any questions or suggestions:
Email: yc3356(@columbia.edu (Y1 Chen)
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