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1 Overview

1.1 Simulation
This file gives an overview and the results of the simulation studies from the article “Forced-
choice with Thurstonian models: The role of items key direction and current recommendations
for test construction”.

All model estimations were done with Mplus. To invoke and perform the simulations,
preliminary versions of ThurMod (Jansen, 2023) was used. Versions of software are:

1. R Version 4.0.3

2. RStudio Version 2022.07.2 Build 576

3. Mplus Version 8.4

4. MIRTJ (ThurMod) version 0.3.001 for conditions with one negatively keyed item

5. MIRTJ (ThurMod) version 0.3.004 for conditions with two negatively keyed items

6. ThurMod version 0.4.3.

Be careful: The Mplus analyses alone would take about 53 years on a single core computer.
All analyses were done parallel on a 64 core computer.

All syntaxes for simulation have the following structure:

1. Working directory and packages are loaded.

2. A global seed and sub seeds for every data generation process are defined

3. Initialization of simulation conditions

4. Definition of blocks

5. For each of the 1000 repetitions

(a) Create and save data file

(b) Create syntax and run the analysis for the Thurstonian factor and IRT model for
the different blocks (blocks 1/2/3, linked/unlinked, sample size 200/500/1000)

All files to invoke the simulation can be found in the folder 00_sim_syntaxes. The definition
of a number to each condition (including 01-14 is for one negatively keyed item and 21-34 for
two negatively keyed items per trait) is

1. CI_01, CI_21 = uncor_1_12 = uncorrelated, 1 trait, 12 items total (12 per trait)

2. CI_02, CI_22 = uncor_1_18 = uncorrelated, 1 trait, 18 items total (18 per trait)

3. CI_03, CI_23 = uncor_3_18 = uncorrelated, 3 traits, 18 items total (6 per trait)

4. CI_04, CI_24 = uncor_3_36 = uncorrelated, 3 traits, 36 items total (12 per trait)

5. CI_05, CI_25 = uncor_3_54 = uncorrelated, 3 traits, 54 items total (18 per trait)
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6. CI_06, CI_26 = cor_3_18 = correlated, 3 traits, 18 items total (6 per trait)

7. CI_07, CI_27 = cor_3_36 = correlated, 3 traits, 36 items total (12 per trait)

8. CI_08, CI_28 = cor_3_54 = correlated, 3 traits, 54 items total (18 per trait)

9. CI_09, CI_29 = uncor_5_30 = uncorrelated, 5 traits, 30 items total (6 per trait)

10. CI_10, CI_30 = uncor_5_60 = uncorrelated, 5 traits, 60 items total (12 per trait)

11. CI_11, CI_31 = uncor_5_90 = uncorrelated, 5 traits, 90 items total (18 per trait)

12. CI_12, CI_32 = cor_5_30 = correlated, 5 traits, 30 items total (6 per trait)

13. CI_13, CI_33 = cor_5_60 = correlated, 5 traits, 60 items total (12 per trait)

14. CI_14, CI_34 = cor_5_90 = correlated, 5 traits, 90 items total (18 per trait)

All simulations used triplets as blocks. All simulations used a ranking design (transitive
responding).

1.2 Results
After analysis of all simulation conditions, results are gathered. All simulated data and Mplus
files combined are too large to share. Raw data of the results are shared in excel files which
can be found in the folder 01_raw. Steps for Thurstonian factor model:

1. Test for each repetition if results are plausible. Even for models where estimation
converges, some results are not usable. Data is not usable if one of the following
conditions apply

(a) The SD of the loading estimates is 0.

(b) The residual variance of a trait is negative.

(c) The SD of the utility estimates is 0.

(d) The correlation between traits is larger |1|.

(e) The relative bias of loadings is larger than 50

2. The number of converged data is counted (after exclusion of implausible data).

3. Results are gathered for

(a) Fit statistics

(b) Bias, recovery and bias of standard errors for loadings

(c) Bias, recovery and bias of standard errors for utilities

(d) Bias, recovery and bias of standard errors for thresholds

(e) Bias/Mean of trait correlations

(f) Bias of standard errors or SD of trait correlations
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(g) Latent trait recovery

(h) empirical rejection rates

The relative bias for each estimation is calculated by

Bias = θ̂ − θ
θ

where θ is the true parameter and θ̂ the estimation. Due to to identification constraints, true
and estimated parameters need to be defined on the same scale. For loadings and utilities
the unstandardized estimations are used. This is mainly the case, as for standardized results,
some parameters that are defined to be equal, are not anymore. For thresholds no rescaling
need to be done, when standardized results are used. Loading estimates that are reversed
keyed (they are directly compared to one of the negative items) are rekeyed.

For unlinked blocks, the true parameters where regressed on the estimations and rescaled for
each block. For linked blocks, the estimations where regressed on the true score and rescaled
once for the whole data set. This procedure potentially favors the unlinked block design,
therefore, also the recovery (correlation between true and estimated parameters) is reported.

Blocks are

1. Blocks 1: Items are ordered by their loadings. Items with similar loadings (e.g., items
with the least three loadings) are combined into blocks.

2. Blocks 2: All blocks are purely multidimensional.

3. Blocks 3: Initial blocks are purely uni-dimensional.

All results are presented by a figure and a corresponding numeric table for reference. If
any cell in a table is empty, there are no results available (no convergence, other reasons
for exclusion, see above). For any figure, the x-axis has the number of traits per factor (6.
vs. 12 vs. 18). The different lines represent the sample size (200 vs. 500 vs. 1000). For each
result variable, a dashed reference line is included, which references the best value (e.g. 1000
for converged repetitions, 0 for bias), a lower limit (e.g. latent trait score recovery), or the
corresponding alpha level for the rejection rates.

The y-axis per result variable was chosen to be equal across conditions. Therefore, it is

1. Convergence rates (Factor and IRT model): 0 to 1000

2. Bias (loadings, utilities, thresholds): -.6 to .6

3. Item parameter recovery (loadings, utilities): 0 to 1

4. Bias for SE (loadings, utilities): 0 to 5

5. Item parameter recovery (thresholds): .9 to 1

6. Bias for SE (thresholds): -.1 to .1

7. Bias or mean of trait correlation: -.6 to .6
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8. Bias for SE or SD of trait correlation: 0 to .6

9. Recovery of latent trait scores: 0 to 1

10. empirical rejection rates for α = .01: 0 to .20

11. empirical rejection rates for α = .05: 0 to .30

12. empirical rejection rates for α = .10: 0 to .40

13. empirical rejection rates for α = .20: 0 to .50
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2 Simulation Study with one trait

2.1 Conditions
1. Correlation of traits: uncorrelated traits

2. Number of traits: one trait

3. Number of items: 12 vs. 18 items per trait (12 vs. 18 total)

2.2 Definition of parameters
2.2.1 Correlation matrix Φ of traits

Trait 1
Trait 1 1

2.2.2 Matrix of utilities U

Trait 1
Items 1 -0.99865
Items 2 -0.97542
Items 3 0.55028
Items 4 0.25627
Items 5 0.27547
Items 6 -0.67215
Items 7 -0.87130
Items 8 -0.84986
Items 9 -0.66475
Items 10 0.58136
Items 11 -0.43110
Items 12 -0.71761
Items 13 0.09677
Items 14 -0.88366
Items 15 -0.07744
Items 16 0.57069
Items 17 0.30198
Items 18 0.47432
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2.2.3 Matrix of loadings Λ (one negatively keyed item)

Trait 1
Items 1 -0.74498
Items 2 0.88550
Items 3 0.59527
Items 4 0.40189
Items 5 0.32282
Items 6 0.54599
Items 7 0.72332
Items 8 0.86733
Items 9 0.63353
Items 10 0.73280
Items 11 0.82750
Items 12 0.58275
Items 13 0.73265
Items 14 0.85592
Items 15 0.32795
Items 16 0.37976
Items 17 0.81138
Items 18 0.77367

2.2.4 Matrix of loadings Λ (two negatively keyed items)

Trait 1
Items 1 -0.74498
Items 2 -0.88550
Items 3 0.59527
Items 4 0.40189
Items 5 0.32282
Items 6 0.54599
Items 7 0.72332
Items 8 0.86733
Items 9 0.63353
Items 10 0.73280
Items 11 0.82750
Items 12 0.58275
Items 13 0.73265
Items 14 0.85592
Items 15 0.32795
Items 16 0.37976
Items 17 0.81138
Items 18 0.77367
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2.3 Results
2.3.1 Results for convergence, mean relative bias and recovery of item parame-

ters

Figure 1

Bias results for the Thurstonian factor model with one trait. One negatively keyed item.
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Figure 2

Bias results for the Thurstonian factor model with one trait. Two negatively keyed items.
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Figure 3

Bias results for the Thurstonian IRT model with one trait. One negatively keyed item.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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Figure 4

Bias results for the Thurstonian IRT model with one trait. Two negatively keyed items.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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2.3.2 Results for latent trait recovery

Figure 5

Latent trait recovery results with one trait.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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Note. Abbreviations: rec: recovery. The first two rows come from simulation with one (- 1),
the second two rows from simulation with two (- 2) negatively keyed items per trait.
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2.3.3 Results for empirical rejection rates

Figure 6

Empirical rejection rates for the Thurstonian factor model with one trait.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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Figure 7

Empirical rejection rates for the Thurstonian IRT model with one trait.
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two (- 2) negatively keyed items per trait.
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3 Simulation Study with three uncorrelated traits

3.1 Conditions
1. Correlation of traits: uncorrelated traits

2. Number of traits: three traits

3. Number of items: 6 vs. 12 vs. 18 items per trait (18 vs. 36 vs. 54 total)

3.2 Definition of parameters
3.2.1 Correlation matrix Φ of traits

Trait 1 Trait 2 Trait 3
Trait 1 1 0 0
Trait 2 0 1 0
Trait 3 0 0 1

3.2.2 Matrix of utilities U

Trait 1 Trait 2 Trait 3
Items 1/2/3 0.86717 0.33740 0.55793
Items 4/5/6 -0.55555 -0.51616 0.27310
Items 7/8/9 0.53219 -0.40178 -0.12323
Items 10/11/12 -0.94921 0.28081 0.14628
Items 13/14/15 -0.29657 0.99159 -0.06612
Items 16/17/18 0.24752 -0.89646 0.49086
Items 19/20/21 0.59121 0.72194 0.38019
Items 22/23/24 -0.44583 0.72294 -0.43986
Items 25/26/27 0.13031 -0.66098 0.17700
Items 28/29/30 -0.76699 0.55198 0.69346
Items 31/32/33 0.52706 -0.12255 -0.47498
Items 34/35/36 -0.17488 -0.15692 0.09644
Items 37/38/39 -0.39531 0.15195 -0.60847
Items 40/41/42 -0.33474 0.37905 -0.88619
Items 43/44/45 -0.43994 0.27589 0.36878
Items 46/47/48 -0.95536 0.87734 -0.49639
Items 49/50/51 0.36323 0.36314 -0.03288
Items 52/53/54 0.04349 0.36513 -0.19464
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3.2.3 Matrix of loadings Λ (one negatively keyed item)

Trait 1 Trait 2 Trait 3
Items 1/2/3 -0.89072 -0.50382 -0.48484
Items 4/5/6 0.30902 0.87724 0.38009
Items 7/8/9 0.69719 0.86641 0.75646
Items 10/11/12 0.43638 0.47083 0.45057
Items 13/14/15 0.89740 0.87764 0.64048
Items 16/17/18 0.75581 0.44547 0.68639
Items 19/20/21 0.64361 0.74375 0.85357
Items 22/23/24 0.78769 0.46937 0.58859
Items 25/26/27 0.44965 0.49089 0.44026
Items 28/29/30 0.31203 0.36859 0.87470
Items 31/32/33 0.86588 0.74518 0.38074
Items 34/35/36 0.86170 0.42299 0.52370
Items 37/38/39 0.76982 0.85155 0.78476
Items 40/41/42 0.50312 0.39656 0.40667
Items 43/44/45 0.31833 0.63527 0.35355
Items 46/47/48 0.82372 0.46375 0.79862
Items 49/50/51 0.41252 0.69088 0.70690
Items 52/53/54 0.31835 0.69240 0.66172

3.2.4 Matrix of loadings Λ (two negatively keyed items)

Trait 1 Trait 2 Trait 3
Items 1/2/3 -0.89072 -0.50382 -0.48484
Items 4/5/6 -0.30902 -0.87724 -0.38009
Items 7/8/9 0.69719 0.86641 0.75646
Items 10/11/12 0.43638 0.47083 0.45057
Items 13/14/15 0.89740 0.87764 0.64048
Items 16/17/18 0.75581 0.44547 0.68639
Items 19/20/21 0.64361 0.74375 0.85357
Items 22/23/24 0.78769 0.46937 0.58859
Items 25/26/27 0.44965 0.49089 0.44026
Items 28/29/30 0.31203 0.36859 0.87470
Items 31/32/33 0.86588 0.74518 0.38074
Items 34/35/36 0.86170 0.42299 0.52370
Items 37/38/39 0.76982 0.85155 0.78476
Items 40/41/42 0.50312 0.39656 0.40667
Items 43/44/45 0.31833 0.63527 0.35355
Items 46/47/48 0.82372 0.46375 0.79862
Items 49/50/51 0.41252 0.69088 0.70690
Items 52/53/54 0.31835 0.69240 0.66172
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3.3 Results
3.3.1 Results for convergence, mean relative bias and recovery of item parame-

ters

Figure 8

Bias results for the Thurstonian factor model with three uncorrelated traits. One negatively
keyed item.
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Figure 9

Bias results for the Thurstonian factor model with three uncorrelated traits. Two negatively
keyed items.
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Figure 10

Bias results for the Thurstonian IRT model with three uncorrelated traits. One negatively
keyed item.
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Figure 11

Bias results for the Thurstonian IRT model with three uncorrelated traits. Two negatively
keyed items.
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3.3.2 Results for latent trait recovery

Figure 12

Latent trait recovery results with three uncorrelated traits.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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Note. Abbreviations: rec: recovery. The first two rows come from simulation with one (- 1),
the second two rows from simulation with two (- 2) negatively keyed items per trait.
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3.3.3 Results for empirical rejection rates

Figure 13

Empirical rejection rates for the Thurstonian factor model with three uncorrelated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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Figure 14

Empirical rejection rates for the Thurstonian IRT model with three uncorrelated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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4 Simulation Study with three correlated traits

4.1 Conditions
1. Correlation of traits: correlated traits

2. Number of traits: three traits

3. Number of items: 6 vs. 12 vs. 18 items per trait (18 vs. 36 vs. 54 total)

4.2 Definition of parameters
4.2.1 Correlation matrix Φ of traits

Trait 1 Trait 2 Trait 3
Trait 1 1.0 0.2 0.3
Trait 2 0.2 1.0 0.5
Trait 3 0.3 0.5 1.0

4.2.2 Matrix of utilities U

Trait 1 Trait 2 Trait 3
Items 1/2/3 0.65220 0.38612 0.65354
Items 4/5/6 0.21798 -0.56033 -0.19856
Items 7/8/9 0.59442 0.03511 0.46618
Items 10/11/12 0.66429 -0.90733 -0.85052
Items 13/14/15 0.83475 -0.85749 0.43123
Items 16/17/18 0.52782 -0.59783 -0.37149
Items 19/20/21 -0.67013 0.62960 -0.14779
Items 22/23/24 -0.53568 0.50710 -0.78256
Items 25/26/27 -0.05393 0.38237 -0.60397
Items 28/29/30 -0.95819 0.85352 0.30527
Items 31/32/33 -0.33310 -0.18085 -0.88838
Items 34/35/36 0.86469 0.48681 -0.61221
Items 37/38/39 0.09419 0.45168 0.69948
Items 40/41/42 -0.98371 -0.09699 -0.02899
Items 43/44/45 0.98126 -0.52369 0.23588
Items 46/47/48 -0.36027 0.75411 -0.88957
Items 49/50/51 -0.80400 0.04564 -0.06666
Items 52/53/54 -0.36997 0.23126 0.78271
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4.2.3 Matrix of loadings Λ (one negatively keyed item)

Trait 1 Trait 2 Trait 3
Items 1/2/3 -0.83025 -0.50260 -0.38240
Items 4/5/6 0.48222 0.84543 0.53571
Items 7/8/9 0.42997 0.40555 0.44442
Items 10/11/12 0.86891 0.62249 0.56245
Items 13/14/15 0.87654 0.86188 0.69397
Items 16/17/18 0.46127 0.78081 0.57389
Items 19/20/21 0.77608 0.72651 0.72443
Items 22/23/24 0.85391 0.60987 0.56380
Items 25/26/27 0.31874 0.82240 0.89856
Items 28/29/30 0.58987 0.60792 0.51911
Items 31/32/33 0.37888 0.59224 0.74367
Items 34/35/36 0.55469 0.73592 0.64431
Items 37/38/39 0.60338 0.54275 0.86486
Items 40/41/42 0.88784 0.37312 0.61986
Items 43/44/45 0.75505 0.85499 0.70387
Items 46/47/48 0.52191 0.89989 0.84919
Items 49/50/51 0.51131 0.75749 0.38001
Items 52/53/54 0.31936 0.66787 0.33693

4.2.4 Matrix of loadings Λ (two negatively keyed items)

Trait 1 Trait 2 Trait 3
Items 1/2/3 -0.83025 -0.50260 -0.38240
Items 4/5/6 -0.48222 -0.84543 -0.53571
Items 7/8/9 0.42997 0.40555 0.44442
Items 10/11/12 0.86891 0.62249 0.56245
Items 13/14/15 0.87654 0.86188 0.69397
Items 16/17/18 0.46127 0.78081 0.57389
Items 19/20/21 0.77608 0.72651 0.72443
Items 22/23/24 0.85391 0.60987 0.56380
Items 25/26/27 0.31874 0.82240 0.89856
Items 28/29/30 0.58987 0.60792 0.51911
Items 31/32/33 0.37888 0.59224 0.74367
Items 34/35/36 0.55469 0.73592 0.64431
Items 37/38/39 0.60338 0.54275 0.86486
Items 40/41/42 0.88784 0.37312 0.61986
Items 43/44/45 0.75505 0.85499 0.70387
Items 46/47/48 0.52191 0.89989 0.84919
Items 49/50/51 0.51131 0.75749 0.38001
Items 52/53/54 0.31936 0.66787 0.33693
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4.3 Results
4.3.1 Results for convergence, mean relative bias and recovery of item parame-

ters

Figure 15

Bias results for the Thurstonian factor model with three correlated traits. One negatively
keyed item.
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Figure 16

Bias results for the Thurstonian factor model with three correlated traits. Two negatively
keyed items.
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Figure 17

Bias results for the Thurstonian IRT model with three correlated traits. One negatively keyed
item.
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Note. Abbreviations: Conv: convergence rate; Load: loading; Th: thresholds; Cor: correla-
tion; rec: recovery.
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Figure 18

Bias results for the Thurstonian IRT model with three correlated traits. Two negatively keyed
items.
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Note. Abbreviations: Conv: convergence rate; Load: loading; Th: thresholds; Cor: correla-
tion; rec: recovery.
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4.3.2 Results for latent trait recovery

Figure 19

Latent trait recovery results with three correlated traits.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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Note. Abbreviations: rec: recovery. The first two rows come from simulation with one (- 1),
the second two rows from simulation with two (- 2) negatively keyed items per trait.
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4.3.3 Results for empirical rejection rates

Figure 20

Empirical rejection rates for the Thurstonian factor model with three correlated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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Figure 21

Empirical rejection rates for the Thurstonian IRT model with three correlated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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5 Simulation Study with five uncorrelated traits

5.1 Conditions
1. Correlation of traits: uncorrelated traits

2. Number of traits: five traits

3. Number of items: 6 vs. 12 vs. 18 items per trait (30 vs. 60 vs. 90 total)

5.2 Definition of parameters
5.2.1 Correlation matrix Φ of traits

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Trait 1 1 0 0 0 0
Trait 2 0 1 0 0 0
Trait 3 0 0 1 0 0
Trait 4 0 0 0 1 0
Trait 5 0 0 0 0 1

5.2.2 Matrix of utilities U

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.95271 -0.08450 0.03661 0.99755 0.11453
Items 6/7/8/9/10 -0.00577 -0.07635 -0.82547 0.24548 -0.20875
Items 11/12/13/14/15 0.42432 0.14416 -0.69830 -0.05606 -0.47702
Items 16/17/18/19/20 0.69325 -0.26406 -0.68138 -0.64580 -0.00606
Items 21/22/23/24/25 0.41826 0.09705 0.54650 -0.93027 -0.79421
Items 26/27/28/29/30 -0.93967 0.48942 -0.14667 -0.03280 0.63186
Items 31/32/33/34/35 -0.36005 -0.36504 0.88438 -0.98132 -0.32827
Items 36/37/38/39/40 0.67003 -0.63486 -0.45544 0.82732 0.13186
Items 41/42/43/44/45 -0.77568 0.01249 -0.91345 -0.54948 -0.26117
Items 46/47/48/49/50 -0.78664 0.71576 0.67864 0.92435 0.44364
Items 51/52/53/54/55 0.90839 0.42937 -0.90831 -0.82834 -0.93920
Items 56/57/58/59/60 0.89888 0.95876 0.17385 -0.71155 0.31524
Items 61/62/63/64/65 0.74331 0.55715 -0.34055 0.67006 0.26112
Items 66/67/68/69/70 -0.58839 0.12237 -0.12430 0.98932 -0.11381
Items 71/72/73/74/75 -0.94113 -0.24670 -0.02040 -0.05027 0.88589
Items 76/77/78/79/80 0.45167 -0.10183 -0.20565 -0.22893 0.09161
Items 81/82/83/84/85 -0.32107 0.43259 -0.12775 0.78885 -0.11082
Items 86/87/88/89/90 0.69538 -0.49471 -0.10395 -0.83398 0.57443

61



5.2.3 Matrix of loadings Λ (one negatively keyed item)

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.81089 -0.58315 -0.33264 -0.69349 -0.32392
Items 6/7/8/9/10 0.86206 0.87681 0.50596 0.34122 0.62720
Items 11/12/13/14/15 0.69535 0.76188 0.85735 0.83432 0.70300
Items 16/17/18/19/20 0.76295 0.75486 0.88974 0.82630 0.35347
Items 21/22/23/24/25 0.79588 0.32237 0.82739 0.80908 0.48091
Items 26/27/28/29/30 0.63106 0.68353 0.32146 0.44728 0.44507
Items 31/32/33/34/35 0.87793 0.82211 0.30362 0.54778 0.84997
Items 36/37/38/39/40 0.48303 0.76016 0.51589 0.61076 0.37337
Items 41/42/43/44/45 0.66817 0.75304 0.75242 0.79362 0.63180
Items 46/47/48/49/50 0.60789 0.66387 0.84616 0.77102 0.67730
Items 51/52/53/54/55 0.89215 0.30942 0.73816 0.83507 0.89776
Items 56/57/58/59/60 0.81602 0.54639 0.37223 0.66059 0.55291
Items 61/62/63/64/65 0.82567 0.63269 0.87703 0.50555 0.52368
Items 66/67/68/69/70 0.64907 0.42618 0.59951 0.75795 0.51461
Items 71/72/73/74/75 0.63231 0.87081 0.33040 0.78169 0.69302
Items 76/77/78/79/80 0.78752 0.80052 0.30027 0.71393 0.64363
Items 81/82/83/84/85 0.86396 0.56293 0.87640 0.43152 0.80592
Items 86/87/88/89/90 0.71069 0.35785 0.32074 0.32508 0.88538

5.2.4 Matrix of loadings Λ (two negatively keyed items)

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.81089 -0.58315 -0.33264 -0.69349 -0.32392
Items 6/7/8/9/10 -0.86206 -0.87681 -0.50596 -0.34122 -0.62720
Items 11/12/13/14/15 0.69535 0.76188 0.85735 0.83432 0.70300
Items 16/17/18/19/20 0.76295 0.75486 0.88974 0.82630 0.35347
Items 21/22/23/24/25 0.79588 0.32237 0.82739 0.80908 0.48091
Items 26/27/28/29/30 0.63106 0.68353 0.32146 0.44728 0.44507
Items 31/32/33/34/35 0.87793 0.82211 0.30362 0.54778 0.84997
Items 36/37/38/39/40 0.48303 0.76016 0.51589 0.61076 0.37337
Items 41/42/43/44/45 0.66817 0.75304 0.75242 0.79362 0.63180
Items 46/47/48/49/50 0.60789 0.66387 0.84616 0.77102 0.67730
Items 51/52/53/54/55 0.89215 0.30942 0.73816 0.83507 0.89776
Items 56/57/58/59/60 0.81602 0.54639 0.37223 0.66059 0.55291
Items 61/62/63/64/65 0.82567 0.63269 0.87703 0.50555 0.52368
Items 66/67/68/69/70 0.64907 0.42618 0.59951 0.75795 0.51461
Items 71/72/73/74/75 0.63231 0.87081 0.33040 0.78169 0.69302
Items 76/77/78/79/80 0.78752 0.80052 0.30027 0.71393 0.64363
Items 81/82/83/84/85 0.86396 0.56293 0.87640 0.43152 0.80592
Items 86/87/88/89/90 0.71069 0.35785 0.32074 0.32508 0.88538
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5.3 Results
5.3.1 Results for convergence, mean relative bias and recovery of item parame-

ters

Figure 22

Bias results for the Thurstonian factor model with five uncorrelated traits. One negatively
keyed item.
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Figure 23

Bias results for the Thurstonian factor model with five uncorrelated traits. Two negatively
keyed items.
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Figure 24

Bias results for the Thurstonian IRT model with five uncorrelated traits. One negatively keyed
item.
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Figure 25

Bias results for the Thurstonian IRT model with five uncorrelated traits. Two negatively
keyed items.
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5.3.2 Results for latent trait recovery

Figure 26

Latent trait recovery results with five uncorrelated traits.
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Note. Abbreviations: rec: recovery. The first two rows come from simulation with one (- 1),
the second two rows from simulation with two (- 2) negatively keyed items per trait.
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5.3.3 Results for empirical rejection rates

Figure 27

Empirical rejection rates for the Thurstonian factor model with five uncorrelated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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Figure 28

Empirical rejection rates for the Thurstonian IRT model with five uncorrelated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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6 Simulation Study with five correlated traits

6.1 Conditions
1. Correlation of traits: correlated traits

2. Number of traits: five traits

3. Number of items: 6 vs. 12 vs. 18 items per trait (30 vs. 60 vs. 90 total)

6.2 Definition of parameters
6.2.1 Correlation matrix Φ of traits

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Trait 1 1.00 -0.21 0.02 -0.25 -0.53
Trait 2 -0.21 1.00 0.40 0.04 0.27
Trait 3 0.02 0.40 1.00 -0.02 -0.02
Trait 4 -0.25 0.04 -0.02 1.00 0.24
Trait 5 -0.53 0.27 -0.02 0.24 1.00

6.2.2 Matrix of utilities U

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.34567 0.79553 0.53328 -0.96436 -0.74256
Items 6/7/8/9/10 0.13737 -0.99334 -0.59215 -0.42274 -0.23720
Items 11/12/13/14/15 -0.40507 -0.77530 0.23200 -0.38930 0.18594
Items 16/17/18/19/20 -0.97527 -0.78622 0.32019 0.98349 -0.11078
Items 21/22/23/24/25 0.95123 -0.37030 0.74589 0.93044 0.43302
Items 26/27/28/29/30 0.45010 -0.38733 -0.68014 0.20400 0.56176
Items 31/32/33/34/35 0.70070 -0.86070 0.66069 -0.65557 0.17820
Items 36/37/38/39/40 0.36273 0.77828 0.87510 0.52532 0.70419
Items 41/42/43/44/45 -0.64301 -0.67196 0.51213 0.60992 0.81855
Items 46/47/48/49/50 0.84748 0.98322 -0.57159 -0.26704 0.46579
Items 51/52/53/54/55 -0.20715 -0.44232 -0.03001 -0.59804 -0.14103
Items 56/57/58/59/60 -0.78247 -0.49488 -0.32916 0.49041 -0.50290
Items 61/62/63/64/65 -0.34482 -0.98712 0.47104 0.68767 -0.32055
Items 66/67/68/69/70 -0.70473 0.02411 0.97550 -0.02166 0.54123
Items 71/72/73/74/75 -0.61547 -0.49521 -0.89459 -0.08964 -0.36651
Items 76/77/78/79/80 -0.68779 -0.81978 0.00854 -0.69128 -0.08732
Items 81/82/83/84/85 0.18085 0.41053 0.02998 -0.99640 -0.64665
Items 86/87/88/89/90 -0.07979 0.66349 -0.02292 0.73334 0.06931
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6.2.3 Matrix of loadings Λ (one negatively keyed item)

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.33858 -0.86637 -0.41863 -0.55710 -0.84268
Items 6/7/8/9/10 0.73961 0.57009 0.84544 0.72048 0.32819
Items 11/12/13/14/15 0.67896 0.74065 0.43174 0.81977 0.81771
Items 16/17/18/19/20 0.72322 0.75833 0.88978 0.72025 0.39667
Items 21/22/23/24/25 0.31312 0.40957 0.33955 0.45197 0.56050
Items 26/27/28/29/30 0.45731 0.69585 0.55313 0.62873 0.87730
Items 31/32/33/34/35 0.36407 0.30073 0.43693 0.60876 0.57798
Items 36/37/38/39/40 0.60245 0.72115 0.42822 0.52088 0.89467
Items 41/42/43/44/45 0.57392 0.68382 0.54867 0.41879 0.73512
Items 46/47/48/49/50 0.52211 0.35507 0.33417 0.83225 0.84946
Items 51/52/53/54/55 0.68593 0.47942 0.46723 0.34183 0.67193
Items 56/57/58/59/60 0.62670 0.73444 0.49247 0.58307 0.46557
Items 61/62/63/64/65 0.51801 0.60525 0.34321 0.70961 0.36983
Items 66/67/68/69/70 0.60035 0.67610 0.84991 0.36646 0.85169
Items 71/72/73/74/75 0.78619 0.32945 0.30743 0.75750 0.78287
Items 76/77/78/79/80 0.51326 0.62976 0.67271 0.48260 0.66641
Items 81/82/83/84/85 0.40595 0.37342 0.86181 0.61877 0.77765
Items 86/87/88/89/90 0.76570 0.46760 0.76167 0.89849 0.46765

6.2.4 Matrix of loadings Λ (two negatively keyed items)

Trait 1 Trait 2 Trait 3 Trait 4 Trait 5
Items 1/2/3/4/5 -0.33858 -0.86637 -0.41863 -0.55710 -0.84268
Items 6/7/8/9/10 -0.73961 -0.57009 -0.84544 -0.72048 -0.32819
Items 11/12/13/14/15 0.67896 0.74065 0.43174 0.81977 0.81771
Items 16/17/18/19/20 0.72322 0.75833 0.88978 0.72025 0.39667
Items 21/22/23/24/25 0.31312 0.40957 0.33955 0.45197 0.56050
Items 26/27/28/29/30 0.45731 0.69585 0.55313 0.62873 0.87730
Items 31/32/33/34/35 0.36407 0.30073 0.43693 0.60876 0.57798
Items 36/37/38/39/40 0.60245 0.72115 0.42822 0.52088 0.89467
Items 41/42/43/44/45 0.57392 0.68382 0.54867 0.41879 0.73512
Items 46/47/48/49/50 0.52211 0.35507 0.33417 0.83225 0.84946
Items 51/52/53/54/55 0.68593 0.47942 0.46723 0.34183 0.67193
Items 56/57/58/59/60 0.62670 0.73444 0.49247 0.58307 0.46557
Items 61/62/63/64/65 0.51801 0.60525 0.34321 0.70961 0.36983
Items 66/67/68/69/70 0.60035 0.67610 0.84991 0.36646 0.85169
Items 71/72/73/74/75 0.78619 0.32945 0.30743 0.75750 0.78287
Items 76/77/78/79/80 0.51326 0.62976 0.67271 0.48260 0.66641
Items 81/82/83/84/85 0.40595 0.37342 0.86181 0.61877 0.77765
Items 86/87/88/89/90 0.76570 0.46760 0.76167 0.89849 0.46765
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6.3 Results
6.3.1 Results for convergence, mean relative bias and recovery of item parame-

ters

Figure 29

Bias results for the Thurstonian factor model with five correlated traits. One negatively keyed
item.
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Figure 30

Bias results for the Thurstonian factor model with five correlated traits. Two negatively keyed
items.
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Figure 31

Bias results for the Thurstonian IRT model with five correlated traits. One negatively keyed
item.
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Figure 32

Bias results for the Thurstonian IRT model with five correlated traits. Two negatively keyed
items.
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6.3.2 Results for latent trait recovery

Figure 33

Latent trait recovery results with five correlated traits.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked
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Note. Abbreviations: rec: recovery. The first two rows come from simulation with one (- 1),
the second two rows from simulation with two (- 2) negatively keyed items per trait.

89



T
ab

le
41

La
te
nt

tra
it
re
co
ve
ry

re
su
lts

wi
th

fiv
e
co
rr
el
at
ed

tra
its

.
un

lin
ke
d

lin
ke
d

B
lo
ck
1

B
lo
ck
2

B
lo
ck
3

B
lo
ck
1

B
lo
ck
2

B
lo
ck
3

N
6

12
18

6
12

18
6

12
18

6
12

18
6

12
18

6
12

18

re
al

re
c
-1

20
0

0.
76

8
0.

81
3

0.
86

9
0.

70
4

0.
78

9
0.

84
8

0.
55

9
0.

58
5

0.
61

6
0.

80
0

0.
85

1
0.

88
4

0.
79

0
0.

84
9

0.
87

4
0.

75
1

0.
77

1
0.

82
7

50
0

0.
78

5
0.

83
1

0.
88

1
0.

74
7

0.
82

2
0.

86
6

0.
61

4
0.

64
3

0.
67

9
0.

81
1

0.
85

8
0.

89
4

0.
80

2
0.

85
9

0.
88

4
0.

76
9

0.
79

1
0.

84
0

10
00

0.
79

1
0.

83
5

0.
88

4
0.

75
6

0.
82

9
0.

87
0

0.
64

1
0.

66
3

0.
69

7
0.

81
4

0.
86

0
0.

89
6

0.
80

5
0.

86
1

0.
88

6
0.

77
4

0.
79

6
0.

84
4

em
pi
ric

al
re
c
-1

20
0

0.
70

0
0.

81
8

0.
88

6
0.

68
6

0.
83

8
0.

88
9

0.
30

6
0.

48
5

0.
59

9
0.

81
0

0.
88

6
0.

91
5

0.
81

3
0.

89
3

0.
92

0
0.

72
9

0.
79

9
0.

85
1

50
0

0.
67

8
0.

80
1

0.
87

5
0.

65
8

0.
81

7
0.

87
1

0.
22

4
0.

30
9

0.
49

9
0.

80
1

0.
88

1
0.

90
8

0.
80

3
0.

88
4

0.
91

1
0.

71
1

0.
78

1
0.

84
0

10
00

0.
66

9
0.

79
6

0.
87

2
0.

64
4

0.
80

5
0.

86
3

0.
16

4
0.

22
2

0.
46

0
0.

79
8

0.
88

0
0.

90
6

0.
80

0
0.

88
1

0.
90

8
0.

70
7

0.
77

6
0.

83
7

re
al

re
c
-2

20
0

0.
78

2
0.

83
1

0.
88

6
0.

70
1

0.
76

3
0.

83
7

0.
79

1
0.

77
2

0.
77

6
0.

81
5

0.
85

1
0.

90
3

0.
77

7
0.

82
1

0.
87

0
0.

80
7

0.
84

4
0.

86
6

50
0

0.
79

7
0.

84
2

0.
89

3
0.

74
7

0.
81

4
0.

86
0

0.
79

9
0.

78
8

0.
79

6
0.

82
3

0.
85

8
0.

90
7

0.
79

1
0.

84
1

0.
88

1
0.

81
5

0.
85

1
0.

87
2

10
00

0.
80

1
0.

84
4

0.
89

5
0.

76
0

0.
82

3
0.

86
5

0.
80

3
0.

79
3

0.
80

0
0.

82
6

0.
86

0
0.

90
9

0.
79

5
0.

84
6

0.
88

4
0.

81
8

0.
85

3
0.

87
4

em
pi
ric

al
re
c
-2

20
0

0.
71

6
0.

82
3

0.
89

3
0.

69
6

0.
83

7
0.

88
8

0.
68

5
0.

70
1

0.
73

8
0.

82
0

0.
88

3
0.

92
8

0.
80

2
0.

88
5

0.
91

8
0.

81
6

0.
86

3
0.

89
2

50
0

0.
70

0
0.

81
6

0.
88

9
0.

66
5

0.
81

4
0.

86
8

0.
67

5
0.

69
0

0.
72

7
0.

81
4

0.
88

0
0.

92
5

0.
78

6
0.

87
0

0.
90

7
0.

81
3

0.
86

1
0.

88
9

10
00

0.
69

5
0.

81
4

0.
88

8
0.

65
1

0.
80

1
0.

85
8

0.
67

4
0.

68
7

0.
72

2
0.

81
2

0.
87

9
0.

92
4

0.
78

1
0.

86
1

0.
90

3
0.

81
2

0.
85

9
0.

88
8

N
ot

e.
A
bb

re
vi
at
io
ns
:
re
c:

re
co
ve
ry
.

90



6.3.3 Results for empirical rejection rates

Figure 34

Empirical rejection rates for the Thurstonian factor model with five correlated traits.
Block 1 − unlinked Block 2 − unlinked Block 3 − unlinked Block 1 − linked Block 2 − linked Block 3 − linked

<
.01 −

 1
<

.05 −
 1

<
.10 −

 1
<

.20 −
 1

<
.01 −

 2
<

.05 −
 2

<
.10 −

 2
<

.20 −
 2

6 12 18 6 12 18 6 12 18 6 12 18 6 12 18 6 12 18

0.00

0.05

0.10

0.15

0.20

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.5

0.00

0.05

0.10

0.15

0.20

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.4

0.0

0.1

0.2

0.3

0.4

0.5

Items per trait

va
lu

e

N

200

500

1000

Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
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Figure 35

Empirical rejection rates for the Thurstonian IRT model with five correlated traits.
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Note. Degrees of freedom are adjusted by the number of redundancies per design. The first
four rows come from simulation with one (- 1), the second four rows from simulation with
two (- 2) negatively keyed items per trait.
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