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Structural Equation Modeling Using R:
Mediation/Moderation Effect Analysis and Multiple-Group Analysis

2t 7| A (Kee-Young Kwahk) =-t1tha}la Sh/H| AUAITA R &H°

ABSTRACT

This tutorial introduces procedures and methods for performing structural equation modeling using
R. To do this, we present advanced analysis methods based on structural equation model such as
mediation effect analysis, moderation effect analysis, moderated mediation effect analysis, and multiple-
group analysis with R program code using R lavaan package that supports structural equation modeling.
R is flexible and scalable, unlike traditional commercial statistical packages. Therefore, new analytical
techniques are likely to be implemented ahead of any other statistical package. From this point of view,
R will be a very appropriate choice for applying new analytical techniques or advanced techniques
that researchers need. Considering that various studies in the social sciences are applying structural
equations modeling techniques and increasing interest in open source R, this tutorial is expected to be

useful for researchers who are looking for alternatives to existing commercial statistical packages.

Keywords: Structural equation modeling, R programming, lavaan, Mediation effect analysis,

Moderation effect analysis, Multiple-group analysis, LISREL, AMOS
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(a) EE502 Y

(D) HNEA2L

) gt ujziHg Mo] Z3HE 7l &R
A Yol tigt X9] A&zt 0o ek 7(perfect
mediation)2tal s}, 02 opdels APEI} &
adto] vja] oJu] Gl $EOR FopH FHu)7Y
(partial mediation)2fal sttt

ol7]o| &= lavaan #7] Ao ELFtEo] gl
PoliticalDemocracy HOJEIAlS: o] &-8}o] LRI A]
reg] 2AAxE AwEch(lavaan 2019; Michalak
2018a).° WA t}&a} Zo] lavaan T7|AE wEeo|
el HlolefMl(dataset)] TR E AHELE o] ¢
O[EIM 3F Aol ] AFA3E 2t F AlRolAE]
W33} £35S TS oM S HeEE 7143

o] Sltt.

> library(lavaan)
> str(PoliticalDemocracy)
'data.frame’: 75 obs. of 11 variables:
$yl:num 2.51.257589107575752510 ...
$y2:num 008.88.83.33 ...
$y3: num 3.333.33 10 10 10 ...

3) PoliticalDemocracy H|o|E}Mz} 1 ¢tol] 3E3LE 117 H4=o] Tt A
4) lavaan 3)7|A7F A Eo] QA @2 790l = install.packages()
FE P AE-shE T 7| A= B3R APdol] AA|Eo] Qlrfal 7Fd gttt

packages("lavaan"). &

$yd:num 009.29.26.67 ...

$y5 num 1.256.258.758.91 7.5 ...
$y6:num 0 1.1 8.098.133.33 ...

$y7: num 3.736.67 10 10 10 ...

$ y8: num 3.333 0.737 8.212 4.615 6.667 ...
$ x1: num 4.445.385.96 6.29 5.86 ...

$ x2: num 3.64 5.06 6.26 7.57 6.82 ...

$ x3: num 2.56 3.57 5.22 6.27 4.57 ...

PoliticalDemocracy Hlo|gAlo]= B 117]¢] &
Z47t Eguol Qi 7 BEEAE A el )
HgE SIS NEEIT vl y2, v3, y4 Wee
19609 Al AQ] W1FsE £ (dem60)S 43
3, y5, ¥6, 7, y8 W4 19651 Aol ] RlzEs)
$#(dem65)2 =431tk x1, x2, x3 M4+ 19604
HollA o] 2F3E 4F(ind60)& S48t o5 &
HoF FAH g 7 BA|, T12al Ao sl st
= AR e IAIS e TR ETEA T
g <ag 2>t At
<7 250] AR AN Aejst
oF F133) o] JFEAIE ARt FACIE =9,
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dloJejAlo] that =8wE F1dttH(?PoliticalDemocracy)
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> sem.med <- "# measurement model
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+ ind60 =~ x1 +x2 +x3
+ dem60 =~ y1 +y2 +y3 +y4
+ dem65 =~ y5 +y6 +y7 +y8
+ # regressions
+ dem60 ~ a*ind60
+ dem65 ~ cp*ind60 + b*dem60
+ # residual correlations
+ yl ~~y5
+ y2 ~~y4 +y6
+ y3 ~~vy7
+ y4 ~~y8
+ y6 ~~y8
+ # indirect effect: ab
+ ab:=a*b
+ # total effect: ¢
+ c:=cp+ @Db)"
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RS 0[8%F A 2UTAIZEE: IEREM/2EE = & CHEEH=EA
FEEAE FARS 249 slFRd)o] 23 A 7|0z ab B4t ¢ B4E AEA st ab &
A} *= Bapol] gt 2o] 5 (label)& AL 017 FE 7189 a B9t b H4o] Fo g HofEglom,
A% a, b, cp= <9 1>9] n7iEIRHA S o= uf7fHse] oJs TP E IS LERATY ¢ Bpk
4ot mARAS, w7 Sot SEM S SYHSet B AFEaTE UElE cp B4t oA Aofeh 1 a Tt
S5 7F BAASE U= glo]Eoltt. lavaan 3] @b oz ;‘LJE] o, o= SISOl F4
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A4k B40] o] ES o] &-sto] A/dE ofof gt of AFgtth(se="bootstrap”, bootstrap=1000)

> library(lavaan)
> set.seed(123)

> fit. med <- sem(model=sem.med, data=PoliticalDemocracy,

+ se="bootstrap", bootstrap=1000)

R824 At ot 2o] summary() 3445 ol&sto] 5T 4=
> summary(fit.med, standardized=TRUE)
lavaan 0.6-2 ended normally after 68 iterations
Optimization method NLMINB
Number of free parameters 31
Number of observations 75
Estimator ML
Model Fit Test Statistic 38125
Degrees of freedom 35
P-value (Chi-square) 0.329
(B2
Regressions:
Estimate Std.Err z-value P(>|zI) Std.lv Std.all
dem60 ~
ind60  (a) 1.483 0.365  4.064 0.000 0.447 0.447
dem65 ~
ind60  (cp) 0.572 0.244 2343 0.019 0.182 0.182
dem60 (b) 0.837 0.096  8.740 0.000 0.885 0.885
6) * Qs BEape EolEE Ashs 54 of9ol: g S AMEE E}. E4E B gOlE 89, Do R sy 2718E AHE o
/\Pﬁz} = Qlth B Bl g AlrRAS AHE wi {83t Oﬂ E}—%ﬂ Zo] F BSULY 2RJNAAE AF AL 4 glrk:
latent =~ x1 + v*x2 + v*x3. T5HS x2, x30] tjsf 53t ot 7H«] )7]' 74
7) &4 ol ARG Y= FAlS LFERIH, ShA AR 1 A1 }*Q}L E}~ 4 l% Zh=t,
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- (E)

Defined Parameters:

Estimate
1.242
1.814

Std.Err
0.364
0.420

ab
c

3.408
4.320

1960 A3} 422(ind60) & T 7= 1960
§ W33} £2(dem60) 1.483 T Z27HE 714
THa=1.483, p-7t=0.000). 3+ 1960 A3} 423
EAIE AEjo A 1960 HIF3} 4~ (dem60)S
o] 2718 wnjt} 1965W W3l 42 (dem65)
0.837 ©¢] Z7kX71thH(b=0.837, p-%£=0.000).
1960 At} 2329] F7= 19609 W3 5
F9| 2718 AA 19654 WIFsH 439 712 o
oAl= AAIAE Zh=th FAH O 2 1960
W At #2371 1960 WFSE 3 7F HR2o|A
9] 1483 ©9]9] 27} 1965 WIFE3}; 230 Qlo]
A 1.242(ab=1.242, p-Z=0.001) 2] 2712 71

t} 1960 WFEst 2 HElo EZSAIZ]HE 19609

NN o roh o

2

> parameterEstimates(fit.med, standardized=TRUE)
lhs op rhs label est se

1 ind60 =~ X1 1.000 0.000 NA
2 ind60 =~ X2 2.180 0.149 14.669
3 ind60 =~ x3 1.819  0.141 12.903
(B2
12 dem60 ~
13 dem65 ~
14 dem65 ~
15 yl ~~
16 y2 ~~
17 y2 ~~
(B2
32 ind60 ~~
33 dem60 ~~
34 dem65 ~~ dem65
35 ab : axb
36 c :=cp+(axb)

> library(dplyr)

> library(stargazer)

> parameterEstimates(fit.med, standardized=TRUE) %>%

filter(op=="~" | op== %>%

mutate(stars=ifelse(pvalue < 0.001, "***",

ifelse(pvalue < 0.01, "**",

ind60
ind60
dem60
y5

y4

y6

a 1.483
cp 0.572
b 0.837
0.624
1.313
2.153

0.365
0.244
0.096
0.465
0.769
0.877

4.064
2.343
8.740
1.341
1.707
2.456

ind60
dem60

0.448
3.956
0.172

ab 1.242
c 1.814

0.074
0.919
0.252
0.364
0.420

6.074
4.303
0.684
3.408
4.320

+

+
+

z-value P(lzl)

0.001
0.000

z pvalue

NA
0.000
0.000

0.000
0.019
0.000
0.180
0.088
0.014

0.000
0.000
0.494
0.001
0.000

Std.lv Std.all
0.395 0.395
0.578 0.578

AEE =20] 19654 WIFESE ol mA= A E
W7t fofE 0019014 SAH R FofotA] ofou
(cp=0.572, p-%t=0.019), 71 =7] &3t Fai}o] Haf
ZFobRItH(c=1.814 > ¢p=0.572). = 19604 2Fs} 4
0] 19659 WIEst o] il FF 196049 1
T e WAE A @l SHH O R o]
& & itk mhEbA 1960139] W8 &2 1960139
AASH 2T} 1965199] RIFE 2 11

HRHAL & 4> QUTh Ui At
FESO] thEI 2ol 9F Holg= A

parameterEstimates() &5

-

WA=

| B42AE 29

pal .

std.all std.nox
0.920 0.920
0.973 0.973
0.872 0.872

ci.lower ci.upper std.lv
1.000 1.000 0.670
1.926 2.514 1.460
1.56563 2.083 1.218

0.722
0.095
0.657
-0.282
-0.091
0.470

2172
1.113
1.034
1.574
3.058
3.879

0.447
0.182
0.885
0.624
1.313
2.153

0.447
0.182
0.885
0.296
0.273
0.356

0.447
0.182
0.885
0.296
0.273
0.356

0.305
2.105
-0.376
0.578
0.997

0.603
5.692
0.648
2.038
2.672

1.000
0.800
0.039
0.395
0.578

1.000
0.800
0.039
0.395
0.578

1.000
0.800
0.039
0.395
0.578
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+ + + + o+

Regression Coefficients

dem60  ind60 a
dem65  ind60 cp
dem65 dem60 b

ifelse(pvalue < 0.05, "*", ")) %>%

select(LHS=lhs, RHS=rhs, Label=label, Coefficient=est,
Z=z, "p-value"=pvalue, Sig.=stars) %>%
stargazer(type="text", title="Regression Coefficients", summary=FALSE,
digits=3, digits.extra=0, rownames=FALSE)

ab a*b ab 1.242 3.408 0.001  *xx

c cp+tlaxb) ¢ 1.814 4.320 0.000 * * *

22 ZHEIEM x2)o] 4% Yol U Qo] EAHOR §9

ZHERLHL XEFAPOIA YESEpel of A AEA 2AEIE Ae 2] 2
2= JFAAT} 73] W4 Z(ZEHS moderator) 710l wet SHHeet & e 7o) WA A
o o Bebe) ARAEIq 2000, g A ST, S AP ] 9D o
DEe <7 3u} Prk Eus Xeh 2AWA 2 7% S ofd oujolN AETE HEALET
o] AT AL (EHH40l RAMS0] Fo 7 ¥ = X (interaction effect)g}al = HEt,

(a) HE 2L
z

(b) 2424
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Y1 Y2 Y3 Ya

dem60

X1

X, ind60

X3

ohA] AmEhy A rdls 2Aske] 1960W 9] AHY

3} #(nd60)3} 1965H9] W13} 4=3(demo5) 7t o SRS 2EHRO| BE TS J?fé‘:ﬂ—’:\—ﬂ o
o] FFAF 196019] 7153} 4= (dem60)o]] w2} 2 Y 4 ATk o7lolME SRS BHERHS
g =A] EA&|E 2} (lavaan 2019; Foldnes 2014; 7} 37), A0 TEHLTT 47 9}22§ 2= 12
Kearney 2015). ¢7]9|A] ind60= SEH40]al 7He) M2 HSHSETE AAPETH(xLyl ~ x3y4). &
dem65= £&H40]th dem60+= ind602t dem65 TAgELe Hdof By 7]E l;‘ﬂj__/,:_J Fo 2
] YFAE st 2EAHFRY ATS £ =01A7] w2l E3A/de] wAlol Hersith w
ot A IEA ARES <7 4>¢} At 2hA o5 WA|sl] Qlsto] YHF OB HtFA4IS

ZARIEAS FJof WA FHHpt 2EWHp0 (mean centering) ¥4S AXtH(meanC=TRUE,
OB ks JOALFEHHREENN) S A doubleMC=TRUE).

> library(lavaan)
> library(semTools)
> PoliticalDemocracy.mod <- indProd(PoliticalDemocracy, varl=c("x1", "x2", "x3"),

+ var2=c("y1", "y2", "y3", "y4"), match=FALSE,
+ meanC=TRUE, residualC=FALSE, doubleMC=TRUE)
> names(PoliticalDemocracy.mod)
(1] "y1" "y2" "y3" "y4" "y5" "y6" "y7" "y8" "x1" "x2"
[11] "x3" xtyl" "xly2" "x1y3" "xlyd" "x2yl" "x2y2" "x2y3" "x2y4" "x3y1"

[21] "x3.y2" "x3y3" "x3y4"

ZAETEAE 3 B AL Thg 3t 2

> sem.mod <- "# measurement model

+ ind60 =~ x1+x2+x3
+ dem60 =~ y1+y2 +y3 +y4
+ dem65 =~ y5+y6 +y7 +y8

8 X|AlA01 ®202 A5



+ # interaction term

+ ind60dem60 =~ x1.y1 + x1.y2 + x1.y3 + x1.y4 +
+ X2.y1 + X2.y2 + x2.y3 + x2.y4 +
+ x3.y1 + x3.y2 + x3.y3 + x3.y4
+ # regressions

+ dem65 ~ ind60 + dem60 +ind60dem60

+ # residual correlations

+ yl ~~y5

+ y2 ~~y4 +y6

+ y3 ~~y7

+ y4 ~~y8

+ y6 ~~ y8"

S o] FoAES UEidl= *HE% AAH4(ind60dem60)2F 1o ti-SH= #SH(xLyl ~ x3y4) 79

g Bojaith, TG AR 1) FARD)ol EYRS D ZAUSG ERAS TAUSY FOR
3 s

>

sem() 4 o)gste] FARTEAS ot P2RDS BT, 8434 FoH summary() F4E o)83}

> fit. mod <- sem(model=sem.mod, data=PoliticalDemocracy.mod)
> summary(fit.mod, standardized=TRUE)
lavaan 0.6-3 ended normally after 83 iterations

Optimization method NLMINB
Number of free parameters 58
Number of observations 75
Estimator ML
Model Fit Test Statistic 1028.376
Degrees of freedom 218
P-value (Chi-square) 0.000
- (BE)

Regressions:
Estimate Std.Err z-value P(>|z|) Std.lv Std.all

dem65 ~
ind60 0.581 0.220 2.633 0.008 0.184 0.184
dem60 0.827 0.099 8.341 0.000 0.873 0.873

ind60dem60 0.066 0.090 0.734 0.463 0.045 0.045

19609 A3t 42 (ind60)1} 1960 153} 423(dem60)S 1965 FIF3 —’F—%(dem65) o 808t kS n
p-#t=0.008, 0.000). L&t} 1960E 4G} 4253} 1960 WIE3; =5 7Ho] 45 4-8-(ind60dem60)
T 0.05904 AR FolatA] o2 A E YETHp-#1=0.463). WEtA] T o|SH4 Thofl= ot

2019.6 9
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ZHe] BA e T2 oS4 (2 EHa) ] A7)0 wet
of That Zo] QoF Ho[E& Aejg 4= Qlr}. parameter
o}

> parameterEstimates(fit.mod, standardized=TRUE)

lhs op rhs est se z pvalue ci.lower ci.upper std.lv std.all std.nox
1 ind60 =~ x11.000 0.000 NA NA 1.000 1.000 0.669 0.918 0.918
2 ind60 =~ x2 2188 0.139 15731 0.000 1915 2460 1.463 0.975 0.975
3 ind60 =~ x3 1.819 0.158 11.907 0.000 1.520 2.119 1.216 0.871 0.871
24 dem65 ~ ind60 0.581 0.220 2.633 0.008 0.148 1.013 0.184 0.184 0.184
25 dem65 ~ dem60 0.827 0.099 8.341 0.000 0.632 1.021 0.873 0.873 0.873
26 dem65 ~ ind60dem60 0.066 0.090 0.734 0.463 -0.111 0.243 0.045 0.045 0.045

(B

> library(dplyr)
> library(stargazer)
> parameterEstimates(fit.mod, standardized=TRUE) %>%
filter(op=="~") %>%
mutate(stars=ifelse(pvalue < 0.001, "***",
ifelse(pvalue < 0.01, "**",
ifelse(pvalue < 0.05, "*", ")) %>%

select(LHS=lhs, RHS=rhs, Coefficient=est,

Z=z, "p-value"=pvalue, Sig.=stars) %>%
stargazer(type="text", title="Regression Coefficients", summary=FALSE,

digits=3, digits.extra=0, rownames=FALSE)

+

+ o+ + + + o+ o+

Regression Coefficients

LHS RHS Coefficient Z p-value Sig
dem65 ind60 0.581 2.633 0.008 *
dem65 dem60 0.827 8.341 0.000 **x

dem65 ind60dem60 0.066 0.734  0.463

2.3 THHE A
2 LA S o AT 2 ETEAS AR o]t i Eso] os) tilE £ W s
oF F4W4) 7 AHA E= 0EH GFW MAEEA4YE GES VLA ARe 2EEp)
A SRS 271 et SRS $ 4 B R QA S I i e 5
AP v e 2 W) Stk v jETEEe <37l 5o 2k g aihs ipfaute) BE AR

Zt d
2019). Oﬂi 50, A5 #F0| 2 T7RF IYA] 52 =7k ARRIgE 20 ”V‘ﬁ} Zol HX= Gl loiM
o7k & Aojeks 7S Ml & itk 27| avHE A fle A7d2 <3 6> 2tk

: XA AYAZ ®20H H25
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olelet ATRIAL B Slof Tt Lol WS £ Eledw) WAE WIS 2R

W= scale() 45 ol 85t BTSRRIt

> library(lavaan)

> set.seed(111)

> PoliticalDemocracy$edu <-

+ scale(rnorm(nrow(PoliticalDemocracy), mean=0.5, sd=0.1)*

+ rowMeans(PoliticalDemocracy[, c("x1", "x2", "x3")]),
+ center=TRUE, scale=FALSE)
AY/get MR} S (1960W A3t 5)E o] &sto] Thaat Zo] A48 (%

T B Al 71e] = % $(xl.edu, x2.edu, x3.edu)7} A HTh

> library(semTools)
> PoliticalDemocracy.modmed <- indProd(PoliticalDemocracy, varl=c("x1", "x2", "x3"),

+ var2="edu", match=FALSE, meanC=TRUE,
+ residualC=FALSE, doubleMC=TRUE)
> names(PoliticalDemocracy.modmed)
11 "y1°" "y2" "y3" "y4" "y5" "y6" "y7" "y8" "x1"
[10] "x2" "x3" "edu” "xl.edu" "x2.edu" "x3.edu"
XA EENS Qe BE AL thaa) 2t

> sem.modmed <- "# measurement model
ind60 =~ x1 +x2 +x3
dem60 =~ y1 +y2 +y3 +y4
dem65 =~ y5 +y6 +y7 +y8
# interaction term
ind60edu =~ xl.edu + x2.edu + x3.edu
# regressions
dem60 ~ al*ind60 + a2*edu + a3*ind60edu
dem65 ~ cp*ind60 + b*dem60
# mean and variance of moderator
edu ~ edu.mean*1
edu ~~ edu.var*edu
# residual correlations
yl ~~y5
y2 ~~y4 +y6
y3 ~~y7
y4 ~~y8
y6 ~~y8
# values of mean and sd of moderator
mean.edu := edu.mean
sd.edu := sgrt(edu.var)
# indirect effect conditional on moderator:

+ 4+ + + + + + + F F o+ o+ o+ o+ o+ o+ +
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# (al + a3*ModerationValue)*b

# direct effect: cp
direct :=cp

# total effect: direct effect + indirect effect
total.low := direct + indirect.low
total.high := direct + indirect.high

# index of moderated mediation
mod.med.a3b := a3*b"

+ 4+ 4+ 4+ + + + + + o+
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> set.seed(111)

indirect.low := (al + a3*(edu.mean-sqrt(edu.var)))*b
indirect.high := (al + a3*(edu.mean+sqrt(edu.var)))*b

& FHoZ & 7|0 BERAVE 9ot ool ¢

A3 e olgsto] & Y] I anE i)
A o] W A9 Pt (indirect.low)=

(al+a3*(edu.mean-sqrt(eduvar))*bo|H 8- 4~F0|
=2 7499 Fda T (indirect.high)+= (al+a3*(edu.
mean+sqrt(eduvar)))*boltl.” edumean W& 4>
0] B#-S oujah 3HEY edu ~ edu.mean*1o
&l Atk SR y ~ 12 34 dHS 4
8lH, o]= & yo| BatS u|3Ih eduvars WS 4

Z0] BARS: oJu]3hH, edu ~~ eduvar‘eduot 2J3) 7|

AFEICE AT ~~ GAIAO] o] BT 4T} O
W FEATO] ol BALS Fak 2L E 7}
A szol U2 £ EEI BAAOR SO 2
o|% Ho|LAL a3bi Ao AW EHE 27
B}

AlAFsTH(se="bootstrap”,

=
=
bootstrap=500). B4> 374 A= summary() 3

> fit mnodmed <- sem(model=sem.modmed, data=PoliticalDemocracy.modmed,

+ se="bootstrap", bootstrap=500)
> summary(fit. nodmed, standardized=TRUE)

9) AWML WFE W4 790l edumean-sqrt(eduvar) ¥} edu.mean+sqrt(eduvar) thilo] vl a} 4= 2 MZ=9] 3t

flo

Qi
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lavaan 0.6-3 ended normally after 85 iterations

Optimization method
Number of free parameters

Number of observations

Estimator

Model Fit Test Statistic
Degrees of freedom
P-value (Chi-square)

NLMINB

56

75

ML
183.787

79

0.000

Estimate Std.Err z-value P(>|z[)
dem60 ~
ind60 (at) 1.688 0.538 3.135 0.002
edu (@2) -0.228 0.428 -0.533 0.594
ind60edu (al) 0.202 0.462 0.437 0.662
dem65 ~
ind60 (cp) 0574 0.255 2.251 0.024
dem60 (b) 0.838 0.095 8.843 0.000
(52)
Defined Parameters:
Estimate Std.Err z-value P(>|zl)
mean.edu 0.000 0.089 0.000 1.000
sd.edu 0.751  0.057 13.159 0.000
indirect.low 1.287 0472 2724 0.006
indirect.high 1.541 0.659 2.337 0.019
direct 0.574 0.255  2.249 0.024
total.low 1.861 0.500 3.720 0.000
total.high 2115 0.719  2.942 0.003
mod.med.a3b 0.169 0.389 0.435 0.664
A% 7L W 7 oreth

N33} ol JEFS nlA|
(a2=-0.228, p-+=0.594). 1960\
3k ] =71 19609 WIFE 3

AFAgE 42F(ind60)
(dem60) 1.688

oY 2718 7P LTHal=1.688, p-%k=0.002). 12|

L ofgt A=
Tha3=0.202, p-%t=0.662). E3t 19604
= SAIRE AdEjolA 19601 WIS
gk e} 37 wiuit} 19654 WIS} 4

2% fEo] weh ek o
WS +E
Tﬁ—(dem60)—
Z(dem65)

< 0.838 @9 37HA71tH(b=0.838, p-#£=0.000). &

Std.lv  Std.all
0.493 0.493
-0.100 -0.075
0.050  0.050
0177 0177
0.883 0.883
Std.lv  Std.all
0.000  0.000
0.751  1.000
0.402  0.391
0.469 0.480
0177 0177
0.579  0.568
0.645 0.657
0.044 0.044

19604 4t9jst 4
Z712 AA 19659 RIF3EE 4
4 AIIAE ZHeth :LEM |23t 7H9A gk
A 25 pEol whehd thEA] 4thas3 b=0.169,

° 57}L 1960 RIF=8} 9]
o] S7I& olofAl=

e 27ko] Hial 19609 AH¢)
g 3 19609 UF3E 3 F FRoA
1.688 THl9] Z7HE= 19654 RIFE 30 9
o]A] 1.287(=(al+a3*(edu.mean-sqrt(edu.var)))
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RS 0|83 TRYUBADLR. B IEAFLETEA % CHETEEA
*b=(1.688+0.202%(0-0.751))*0.838, p-%}=0.006)‘?_} EAAOE §ol5lA] Ut} & 1% £F0] 2AuE
29 2748 ML g pE0] e A o T EAek) eerk GHEThe] WolA 1R 1960
3 19604 Arish 2 1960 WIg 4~ 7 A A 220 196549 FIFE}) ol mA|= FF
2olAe] 1688 ©9l9] F7H= 19659 WFEE £F 2 19609 WFS 227 PAS 1T B Fol
o oAl 1.541(=(al+a3*(edu.mean+sqrt(edu.var))) Zt}(total low=1.861 > cp=0.574, total.high=2.115 >
*b=(1.688+0.202*(0+0.751))*0.838, p—%,’t=0.019)‘?}% cp=0.574). wgbd 1960d W3t 2328 ZAHLE
o) 718 FHeT) WG SFo] ¥ W a8x] AT ojds] mELEAe] AEe SuE 2
&2 =7}o]| HI] 19604 WIFSE 9] uf7ff o] A7 g2 A P BpThS &8k TSt
T o ZaROJAT ofigh Aol N AU TR o Ref HolBR Hd 4 gtk
> library(dplyr)
> library(stargazer)
> parameterEstimates(fit. modmed, standardized=TRUE) %>%
+ filter(op=="~"| op==":=") %>%
+ mutate(stars=ifelse(pvalue < 0.001, "***",
+ ifelse(pvalue < 0.01, "**",
+ ifelse(pvalue < 0.05, "™*", ")) %>%
+ select(LHS=Ihs, RHS=rhs, Label=label, Coefficient=est,
+ Z=z, "p-value"=pvalue, Sig.=stars) %>%
+ stargazer(type="text", title="Regression Coefficients", summary=FALSE,
+ digits=3, digits.extra=0, rownames=FALSE)
Regression Coefficient
LHS RHS Label Coefficient Z p-value Sig
dem60 ind60 al 1.688 3.135 0.002 * %
dem60 edu a2 -0.228 -0.533 0.594
dem60 ind60edu a3 0.202 0.437 0.662
dem65 ind60 cp 0.574 2.251 0.024 *
dem65 dem60 b 0.838 8.843 0 * ok ok
mean.edu edu.mean mean.edu 0 0 1
sd.edu sqrt(edu.var) sd.edu 0.751 13.159 0 * ok K
indirect.low (al+a3* (edu.mean-sart(edu.var))* b indirect.low 1.287 2.724 0.006 *
indirect.high (al+a3* (edu.mean+sart(edu.var)))x b indirect.high 1.541 2.337 0.019 *
direct cp direct 0.574 2.249 0.024 *
total.low direct+indirect.low total.low 1.861 3.720 0.000 * *=x
total.high direct+indirect.high total.high 2115  2.942 0.003 * x
mod.med.a3b ad* b mod.med.a3b 0.169 0.435 0.664
3. C|SEIcHEM Rk}, o}7]o) = MBESS s7]4]0] Zakslo] 9l
HSdata BJOJEIIE olg3to] ek 7t olR A4S 4
S ATEAS Aot Thol] B4R €9, & gYot= AAE AvjEct(lavaan 2019; Bustos 2017).
QA BAAR)N oI foldt ok A A o HoHAS S B, ol35Y, LA, 7]
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speed

problemr math

memory

addition

counting

straight

wordr

figurer

object

figurew

o, 5253 52 The WHoIN S MEER 2] Uk o |oliE BHEITEAS Eo) ] e
ek 7k 2ol Tk olelsle] thet Bk AHIE thE-S SIS FTIITHPHS data).

> library(MBESS)
> data("HS.data")
> names(HS.data)

[11 "id" "Gender"  "grade" "agey" "agem"” "school” "visual "
[8] "cubes” "paper” "flags " "general” "paragrap” "sentence" “wordc"

[15] "wordm" "addition” "code” "counting " "straight” "wordr" "numberr”

[22] "fgurer” "object” "numberf”  "figurew"” "deduct” "numeric” "problemr”

[29] "series" "arithmet" "paperrev" "flagssub”

EASIALA} oh= A <7 7> 2t 485 (math) T AREE (speed) 7} 71918 (memory)ol] HIX|=
FHAE AP YRS £33s] Hof| WA 1A dlojeE e & o]& W4 7ke] IAIE AsiH AL
o% 915} lavaan T7]4]2] REAY Ao e} ZERE} 1R RY] 12E Thew} Zo] BAYR PR,
> sem <- "# measurement model
+ speed =~ addition + code + counting + straight
+ memory =~ wordr + numberr + figurer + object + numberf + figurew
+ math =~ deduct + numeric + problemr + series + arithmet
+ # regressions
+ speed ~ math
+ memory ~ math + speed”

sem() StE o]-8-8t A relo] AR A= thSat A
16 XAl AGT H20H ®2S



> library(lavaan)

> fit <- sem(model=sem, data=HS.data)

> summary(fit, fit. neasures=TRUE, standardized=TRUE)
lavaan 0.6—-3 ended normally after 165 iterations

Optimization method NLMINB
Number of free parameters 33
Number of observations 301
Estimator ML
Model Fit Test Statistic 248.862
Degrees of freedom 87
P-value (Chi-square) 0.000
(E2)

Regressions:
Estimate Std.Err z-value P(|z|) Std.v  Std.all

speed ~

math 0.875 0.140 6.262 0.000 0.619 0.619
memory ~

math 0.323 0.071 4.568 0.000 0.529 0.529

speed 0.087 0.043 2.020 0.043 0.202 0.202
(52

Y RR(E TR FE%0] 013} Lol QFRE YT 5 itk

> library(dplyr)

> library(stargazer)

> parameterEstimates(fit) %>%

filter(op=="~") %>%

+ mutate(stars=ifelse(pvalue < 0.001, "***",

+ ifelse(pvalue < 0.01, "™**",

+ ifelse(pvalue < 0.05, ™", ")) %>%
+ select(Dependent=lhs, Independent=rhs, Coefficient=est,
"
"
"

+

Z=z, "p-value"=pvalue, Sig.=stars) %>%
stargazer(type="text", title="Regression Coefficients", summary=FALSE,
digits=3, digits.extra=0, rownames=FALSE)

Regression Coefficient

Dependent Independent Coefficient Z p-value Sig.
speed math 0.875 6.262 0.000 * =«
memory math 0.323  4.568 0.000 ** *
memory speed 0.087  2.020 0.043 *

2019.6



7]y

TR BATE B SEed e Al GoJst 9FE HX)E AR U om(p-§=0.000), S

FelseT AgEE 7o) feld QTS nlAthz p-3i=0.000, p-3k=0043). WetA AAE dEe)

7P 25 AUEIHE4F 009

AR 2 Ao SIS sem() B4 group Q1pol F71E HEASE AT FU welo] o 2 3
TR 7o) SAET) o5 Sol, group="Gender's A3 Thg X 558, ATGE, 7]0jg 71 WiE %
o3 eMje) TRRUS PPy Y ofshy etk 224 el Ao R A

> fit1 <- sem(model=sem, data=HS.data, group="Gender")
> summary(fit1, fit measures=TRUE, standardized=TRUE)
lavaan 0.6—-3 ended normally after 323 iterations

Optimization method NLMINB
Number of free parameters 96

Number of observations per group

Male 146
Female 155
Estimator ML
Model Fit Test Statistic 322.272
Degrees of freedom 174
P-value (Chi-square) 0.000

~(E)

Group 1 [Male]:

EE)

Regressions:
Estimate Std.Err z-value P(>|z]) Std.lv  Std.all

speed ~

math 0.694  0.145 4.788 0.000 0.635 0.635
memory ~

math 0.471 0.111 4.248 0.000 0.780 0.780
speed -0.071 0.080 -0.884 0.376 -0.129 -0.129
~(E)

Group 2 [Female]:

(E2)
Regressions:
Estimate Std.Err z-value P (>|zl) Std.lv  Std.all
speed ~
math 1.093  0.257 4.252 0.000 0.617  0.617
memory ~

. XA AYAZ ®20H H25



math 0.237  0.088 2.684 0.007 0.415 0.415
speed 0.123  0.049 2.507 0.012 0.380 0.380
- (E)

o
.
o
)
i

A A Z43= ‘Group 1 [Male]'?} ‘Group 2 [Female]' oA &018 4~ 9tk ]| &A] H 2

3} 2k

dlo

> parameterEstimates(fit1) %>%
+ filter(op=="~") %>%

+ mutate(stars=ifelse(pvalue < 0.001, "****,

+ ifelse(pvalue < 0.01, "**",

+ ifelse(pvalue < 0.05, ™", ")) %>%

+ select(Group=group, Dependent=lhs, Independent=rhs, Coefficient=est,
+ Z=z, "p-value"=pvalue, Sig.=stars) %>%

+ stargazer(type="text", title="Regression Coefficients", summary=FALSE,
+ digits=3, digits.extra=0, rownames=FALSE)

Regression Coefficient

Group Dependent Independent Coefficient Z p-value Sig.

1 speed math 0.694 4788  0.000 x*x
1 memory math 0.471 4,248  0.000 ** =
1 memory speed -0.071  -0.884 0.376

2 speed math 1.093 4,252  0.000 *=* =
2 memory math 0.237 2.684  0.007 * *
2 memory speed 0.123 2.507  0.012 *

FREES BYARE HR T PY 7o) SAA%] A71eh G QoiH Hot EAFITE, B8] Ass
7t 710f2io] wjxl §go] WePy AeHGroup DolA: EAZO.Z §elsh ehe W(p-3k=0.376), ofshY HTh
(Group 2= 5 0,054 BAZ0 2 I5tTp-gt=0.012). mebH ATSE 7} 7lefelo] §g-e vj3ick
Lobe depy Fueli: 712wl

T 719 Ao|Z A Tkl ofei Wek 7 ot FAHOE fFA
o §o14 AR WE o] AZAGT} FURES AHO R Ak By} 2 YAUR FEASE AGEA F

FFFORM £ 4 Itk ARASE A48 2747 o] Alopreo] njs) £-2J5}
7

Al sk AR M 2 AR Hol7t AR 0 2 felsih ZE Rl

AhElg ol g3t ARe 54 B4V} QR o] BUSEE wele] B Aok F oA WY Aotud
o HYEE WIS PAHOR S ol B, kst V1oE ¢ ARASL Wk ol $U % 2
£5 R A Y RS AT 29 AYEE L wlmdAch AR Rt a3} 2ol 44
% ek
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> sem.const <- "# measurement model
speed =~ addition + code + counting + straight
memory =~ wordr + numberr + figurer + object + numberf + figurew
math =~ deduct + numeric + problemr + series + arithmet
# regressions
speed ~ math
memory ~ math + c(b, b)*speed"”

+ + 4+ 4+ 4+ 4+

AI&ES 7198 ZF ARASTE FAREES Aok RE e Aehd ARAS] EAG eol2 L AH

(5 UV b2) FHSHEE oulolt), AR FRALN S 2EeHA theh 2o AnSEl 7] 7 5=

AG7h e ekt clshy A BE EUsP 00788 248 22 &

1—*0
et
+
30,
)

> fit2 <- sem(model=sem.const, data=HS.data, group="Gender")

> parameterEstimates(fit2) %>%

filter(op=="~") %>%

+ mutate(stars=ifelse(pvalue < 0.001, "***",

+ ifelse(pvalue < 0.01, "**",

+ ifelse(pvalue < 0.05, ™", ")) %>%

+ select(Group=group, Dependent=lhs, Independent=rhs, Coefficient=est,
+
+
+

+

Z=z, "p-value"=pvalue, Sig.=stars) %>%
stargazer(type="text", title="Regression Coefficients", summary=FALSE,
digits=3, digits.extra=0, rownames=FALSE)

Regression Coefficient

Group  Dependent Independent Coefficient Z p-value Sig.

1 speed math 0.640 4684 0.000 *=*=*
1 memory math 0.350 4252 0.000 * ==«
1 memory speed 0.078 2.067  0.039 *
2 speed math 1.132 4312 0.000 ** =
2 memory math 0.279 3.042 0.002 *=*
2 memory speed 0.078 2.067  0.039 *

oA anova() §4-% o] 83he] Thaat ol Z1Ee] MThEE A48 24 RE(fi) T ACKREI) 7 %

> anova(fitl, fit2)
Chi Square Difference Test

Df AIC BIC  Chisg Chisqg diff Df diff Pr(>Chisq)
Atl 174 32304 32659 322.27
At2 175 32306 32658 326.54 4.2703 1 0.03879 *

Signif. codes: 0 ‘'xxx' 0.001 ‘'#+~' 0.01 'x" 0.05 '." 01 " ' 1
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anova() < ‘%— ] o3t 7}o]x1]—r— x}op AL

ol

> library(dplyr)

> library(tibble)

> library(magrittr)

> compareFit <- function(...) {

m <- list(...)

+ sapply(m, fitMeasures) %>%

+ set_colnames(pasteO("Model", 1:length(m))) %>%
+ as.data.frame() %>%

+ rownames_to_column("Fit_Measures”) %>%
+

+

+

+

slice(match(c("chisq", "df", "pvalue”,
"gfi", "rmsea”, "cfi"), Fit_Measures)) %>%
mutate(Fit_Measures=c("Chi-square"”, "df", "p-value”,
+ "GFI", "RMSEA", "CFI"))}
> library(stargazer)
> compareFit(fit1, fit2) %>%
+ stargazer(type="text", title="Model Comparison”, summary=FALSE,
+ digits=3, digits.extra=0, rownames=FALSE)

Model Comparison

Chi-square 322.272 326.542

df 174 175

p-value 0.000 0.000
GFI 0.998 0.998
RMSEA 0.075 0.076
CFl 0.877 0.874

UA AoFL th-&} Zo] group.equal=c("regressions”)

> fit3 <- sem(model=sem, data=HS.data,
+ group="Gender", group.equal=c("regressions"))

10) A 15U/ Aok Hﬂ 719 o] Hio = wol Qlth ol & EW, 2A4AHE TYFHA 31| $lsAlE group.equal=c("loadings") & A%
sttt & of 28 82 lavaan 317]4] FEHHS st} http://lavaan.ugent.be/tutorial/index.html.
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anova() 4 o1 §3te] 71E BET] TholAlg Aol S 4 Thet 2k

> anova(fitl, fit3)
Chi Square Difference Test

Df AIC BIC  Chisag Chisq diff Df diff Pr(>Chisq)
At 174 32304 32659 322.27
at3 177 32306 32651 330.72 8.4518 3 0.03754 =

Signif. codes: 0 ‘'xxx' 0.001 ‘'#x" 0.01 '+" 005 '." 01 " ' 1

Aol R = R 74o] FholAly Mgk $AA 2 fofstth(x?(3)=8.4518, p-1<0.05). mEbA A

=
3 ARAGE AR 24T o] BE ARAGE FUKEE AR wilol w3 vlolelg Wk @ 3

Chat o] SRl HlalsH HehdR A2 A A5l 3748 3 WA 2o =7} 7Hg

o
=
S431e}, kb et ek ofsh) KIek gholi S, ARLAE, Flofe] 1 G Aol EAjY,

> compareFit(fit1, fit2, fit3) %>%
+ stargazer(type="text", title="Model Comparison", summary=FALSE,
+ digits=3, digits.extra=0, rownames=FALSE)

Model Comparison

Fit_Measures  Modell Model2 Model3

Chi-square 322.272  326.542  330.724

df 174 175 177
p-value 0.000 0.000 0.000
GFI 0.998  0.998 0.998
RMSEA 0.075  0.076 0.076
CFI 0877  0.874  0.873
HaA golslA &8 4 9l AR 7|usith ®
4.4E & 7 28 R TR F5E BAEAE ol
ShaL EAYHS &85k o QoA AEH =R
2 FEZIL RS o] gato] 124 f‘%‘% > Alze Aoz 7tis,
ot Axet WHES AA dofElE v o R A7t & 71829 e BAMIIAS 2 fAstal &
Ak FAH O 2 R lavaan #7]A)E o]-g-5ko] wij7| o] ke B4 2L Qi) upehi] eZ AR E
SN, 2EEGIEA, AN EREA, T g 2R BA7IHS T2 o' 48 BAE7IA R
A 59 AR 7Rk ag BAVEES T A tdE 7hHsAdo] =Tt ol2fsh Tof|A

R 3
SEF  2udvl 9RE st ARe BAYMO 1F
A7 o) QloiH RS uhs- 284 Helo] @

; X|AlA01 ®202 A5
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