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Introduction to hierarchical Bayesian modeling for experimental psychologists:

A tutorial using R and Stan

Hiroyuki MuTo

Kokoro Research Center, Kyoto University

Hierarchical Bayesian modeling is a powerful and promising tool that aids experimental psychologists to flexi-
bly build and evaluate interpretable statistical models that consider inter-individual and inter-trial variability. This
article offers several examples of hierarchical Bayesian modeling to introduce the idea and to show its implementa-
tion with R and Stan. As a tutorial, it uses data from well-known experimental paradigms in perceptual and cogni-

tive psychology. Specifically, I present linear models for correct response time data from a mental rotation task, pro-
bit models for binary choice data from two psychophysical tasks, and drift diffusion models for both response time
and binary choice data from an Eriksen flanker task. The R and Stan scripts and data are available on the Open Sci-
ence Framework repository at https://doi.org/10.17605/0sf.io/2zxs6. The importance of model selection and the po-
tential functions of open data practices in statistical modeling are also briefly discussed.
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Table 1.

Data structure commonly used for conventional analysis.
(mental rotation data as an example).

participant rt_Odeg rt_40deg rt_80deg rt_120deg rt_160deg
1 0.809 0.776 0.757 0.972 1.220
0.663 0.979 1.104 1.868 1.866
3 0.665 0.885 1.109 1.250 1.518
24 0.702 0.868 0.996 1.325 1.595
Table 2.
Structure of trial-by-trial data from a mental rotation experiment.
(mental rotation.csv).

serial participant trial angle is.correct rt
1 80 1 0.838
2 1 6 40 1 0.660
3 1 10 80 1 0.845
1503 11 573 160 1 3.554
1504 12 21 160 1 3.800
1505 12 22 120 1 2.586
3200 24 572 40 1 0.814
3201 24 574 0 1 0.563
3202 24 575 80 1 0.973
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Table 3.

Structure of trial-by-trial data collected using the method of constant stimuli (constant.csv).

serial participant trial condition c_length response

1 1 1 inwards 1.2 comparison

2 1 inwards 0.9 comparison

3 1 3 outwards 1.1 standard
2288 13 176 outwards 1.5 comparison
2289 14 1 outwards 0.5 standard
2290 14 2 inwards 1.2 comparison
4398 25 174 outwards 1.0 standard
4399 25 175 outwards 1.0 standard
4400 25 176 inwards 0.6 standard
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Figure 1.

Plots of mental rotation data and linear functions estimated by six models described in the main text (correspond-

ing to Panel A-F). Each point shows correct response times for “same” pairs (a total of 3,202 trials). Solid lines and error
bands indicate mean regression lines and their 95% credible intervals. Dashed lines are regression lines estimated per par-

ticipant (N=24).

2, abPICIFATED TRV, YHCHES
DT BMBZICL O THIC—ETHBI VI EF VD
EZ ML T 2, 0,13 ifTHORITICEB T 3 ISk
Mo TRl (20 FvoBEETEM) Tthh, Flz
Ei=3¢ &, Table2 & Y O,=a+80Br 23, X 2) ®

YidifTHORIT Bl S he BRI EZ R L TE D,
$t’19 Ry (0Bl OIS b ER S h
3 CUET %o BHERENIRITHEATOKS S RT
NIA=RCLTURNTE 2, b, X (1) 2K
@ kAL T

Y,~Normal (a+Bx, 1) (3)

ZL‘5 120U EFEHTHLETNVE L TIFMTH
, KFa—ry7rcEdnar»rhedsemil, K
(1), Q) DESRTERERELRAL
COETNVICEENERTI A =R EafrnD3DT
Hoo TNL E 32028070 O EFE C RIGKH O~ 7
DF =2 LHEETZ ¥ 2ild 2, Stan THEEZTTS
7oIZiE, data7 By 2 ¥ parameters 7 Ry 7 TT — &
¥IRT A —2%E 5 LIz ) AT transformed parameters 7'

By 27 ¥model 71y 7IZE TV EFATIUL &,
PEE R 22 2 R T3 A DEICIE 2 V1§78 VDT, parame-
trs7 Ry 72 CHST 2L &
CREZIBEL TH L. apbHH E3IED
EiC7s2 e AR SN2 25, H#EE RIZAOEIZZ - T
b A2 0 O THREIO AT TEEIFN HIR 2 7T 750
Z ¥IZ L7z, transformed parameters 7 B 7 2 ¥ model 7'
1y 2 OERNIHILE I EE R T 025, RS
DYy IV (~) zaCAdmoddl 7Ry 7, Zh
LIS i3 transformed parameters 71 v Z IZH S Y HATE
JIZEARIC R REZ VS flE, X QO 3EXTd
DHERS A2 OO Y T Y Y Z T O T trans-
formed parameters 7 1 v 212, X () ZIEHZH»
DY TN I RETO Tmodel 71y ZIZRHAT 2,
X ) 2o Chidihd 2B B
ters 7Ry 2 I3ANETH D,
COETFIVICE o THEE S EIREREZ n— 57— &
ICERT: L O Figure 1A TH %, FRRTR L I [AltE
M, AR O ACHERE S e PRSOSIE R0, O FH %)
11 DOMAFRHE (expected a posteriori; L FEAP) ##5A 700

Z I3 real<lower=

O>eta;

{3 transformed parame-

*OEREICE 2, YT H O RIS o B y, &
Bl L ORIMRLHTH 25, ARTIRIELY
HE 2 7o OIS 2 BRI L 7220 2 8l S B,

model 71 v 7 TEEE
LAHETIE H B 73,
AQI

SLTHEAYER T2 Z
Stan IZTEN 2 F TIEBED L



Wi FEBOFEEO LD DOEEE~RA 227 » 7 AM 201

154 154 15
A B C
10 10 101 i
%‘: * e D0 B0 3
o 51 54 51
3
@
H 1
N e —
€ 300 500 700 900 1100 1300 300 500 700 900 1100 1300 300 500 700 900 1100 1300
<)
» 154 154 16
= 1D E F
2
©
£ T
% 107 | 101 | 101
w T rs Tt e
(W . ei—e :
5 5 K 54 ¥
. 'y
[ P 2
01 0 0

300 500 700 900 1100 1300 300 500 700 900 1100 1300

300 500 700 900 1100 1300

Estimated intercept a; (ms)

Figure 2. Each model's estimates of the intercept and slope parameters for each participant (N=24) from mental rotation
data. Points and error bars show expected a posteriori (EAP) estimates and 95% credible intervals, respectively.
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Figure 4. Psychometric curves fitted to the binary data from the Miiller-Lyer illusion experiment with the method of con-
stant stimuli. Thick lines and error bands indicate mean psychometric curves and their 95% credible interval. Thin lines
shown in Panel B represent psychometric curves estimated per participant.
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Summary of results from hierarchical modeling of the eyeshadow illusion experiment with the up-down method.

(A) Psychometric curves fitted to the binary data from the eyeshadow illusion experiment with the up-down method.
Thick lines and error bands indicate mean psychometric curves and their 95% credible interval. Thin lines represent psy-
chometric curves estimated per participant. (B) A posterior predictive distribution showing the inter-individual variability
in the degree of the eyeshadow illusion (the difference in the point of subjective equality between faces with and without
eyeshadow). The point and the error bar show the expected a posteriori (EAP) estimate and 95% credible interval (CI)
of the mean degree of the illusion. The light area corresponds to the estimated proportion of participants who show positive

values of the illusion.
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Figure 6. An illustration of evidence accumulation processes assumed by the drift diffusion model.
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