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Appendix A

[bookmark: _Hlk159662005]R codes used in the paper: “Thurstonian scaling for sensory discrimination methods” by Bi and Kuesten


R codes for estimation of d-prime and its variance from some basic sensory discrimination methods
	No.
	Methods
	R-code
	Example

	1
	2-AFC
	TwoAFC(x,n)
	> TwoAFC(x=76,n=100)
[1] 0.998900 0.037748

	2
	3-AFC
	ThreeAFC(x,n)
	> ThreeAFC(x=64,n=100)
[1] 1.021800 0.027862

	3
	Triangle
	TRI(x,n)
	> TRI(x=42,n=100)
[1,] 1.0125  0.0985

	4
	Duo-trio
	DUTR(x,n)
	> DUTR(x=58,n=100)
[1] 0.983100 0.114003

	5
	Specified Tetrad
	STETR(x,n)
	> STETR(x=46,n=100)
[1] 0.9925751 0.0212300

	6
	Unspecified Tetrad
	UTETR(x,n)
	> UTETR(x=49,n=100)
[1] 0.9862749 0.0326270

	7
	A-Not A
	ANAdv(a,an,n,nn)
	> ANAdv(a=90,an=100,n=61,nn=100)
[1] 1.0022325 0.0453817

	8
	Same-different
	SDdv(sn,n1,dn,n2)
	> SDdv(sn=27,n1=100,dn=21,n2=100)
[1] 1.023 0.272

	9
	Ratings of A-Not A 
	ANARAT(rfal,rhit)
	> ANARAT(rfal=c(66,29,83,40,17,15), rhit=c(21,10,46,68,37,68))
d': 0.9193 ; var: 0.0103 
[1] 0.9193 0.0103

	10
	Ratings of same-different
	SDRAT(rsam,rdif)
	>SDRAT(rsam=c(66,29,83,40,17,15),rdif=c(21,10,46,68,37,68))
d': 2.0284 ; var: 0.0197 
[1] 2.0284 0.0197



> library(sensR)
> dod(same= c(66,29,83,40,17,15), diff= c(21,10,46,68,37,68))

Results for the Thurstonian model for the Degree-of-Difference method 

Confidence level for 2-sided profile likelihood interval: 95%

        Estimates Std. Error Lower Upper
d.prime     2.057      0.138 1.781 2.324

Boundary coefficients:
                 1       2       3      4      5
Estimate   0.46472 0.67999 1.46685 2.2899 2.8429
Std. Error 0.04787 0.05745 0.08469 0.1073 0.1224

Data:
            1  2  3  4  5  6
same-pairs 66 29 83 40 17 15
diff-pairs 21 10 46 68 37 68
….
> 0.138^2
[1] 0.019044

R codes for testing d-prime based on the estimated d-prime and its variance
	No.
	Code
	Description

	11
	dpdtest(d,v)
	Difference test for individual for one test sample and control sample

	12
	dpstest(d,v,slim)
	Similarity test for individual  for one test sample and control sample

	13
	dstest(d,v)
	Difference test for multiple  values

	14
	s2dptest(d,v,d0)
	TOST similarity test for two  values for two test samples



> library(multcomp)
> library(TOSTER)
> dpdat
      d'  v(d')
1 2.4868 0.0687
2 2.0849 0.0662
3 1.4422 0.1628
4 0.9442 0.3927

> dpdtest(d=dpdat[1,1],v=dpdat[1,2])
         d' var(d')        z p-v
[1,] 2.4868  0.0687 9.487734   0
> dpstest(d=dpdat[1,1],v=dpdat[1,2],slim=3)
         d' var(d') lim        z        p-v
[1,] 2.4868  0.0687   3 -1.95798 0.02511617
> dstest(d=dpdat[,1],v=dpdat[,2])
p-value: 0.0425 
 Weighted mean: 2.0588 
 Variance of Wm: 0.0261 
[1] 0.0425 2.0588 0.0261
> s2dptest(d=c(2.4868,2.0849),v=c(0.0687,0.0662),d0=1) 
Z1,Z2,pv1,pv2: 
[1]  3.8169 -1.6284  0.0001  0.0517





   
# R Codes

#1
TwoAFC<-function(x,n){
#d' and variance of d'
#x:number of correct responses; n:sumple size
p<-x/n
p
####
d2afc0<-function(p)
{
if(p < 0.5) {
p <- 1 - p
}
duo2 <- function(d, p)
{
z <- pnorm(d/sqrt(2))
#z <- round(z, 5)
z - p
}
if(p < 0.5) {
pp <- 1 - p
}
else {
pp <- p
}
d <- uniroot(duo2, p = pp, interval = c(0, 10))$root
d <- round(d, 4)
d
if(p < 0.5) {
d <-  - d
}
else {
d <- d
}
d
}
#####
b2afc0<-function(p)
{
        #For B value
        ############
        dduo2 <- function(p)
        {
                duo2 <- function(d, p)
                {
                        z <- pnorm(d/sqrt(2))
                        #z <- round(z, 5)
                        z - p
                }
                if(p < 0.5) {
                        pp <- 1 - p
                }
                else {
                        pp <- p
                }
                d <- uniroot(duo2, p = pp, interval = c(0, 10))$root
                d <- round(d, 4)
                d
                if(p < 0.5) {
                        d <-  - d
                }
                else {
                        d <- d
                }
                d
        }
        duo2 <- function(d)
        {
                z <- pnorm(d/sqrt(2))
                #z <- round(z, 5)
                z
        }
        ################
        d <- dduo2(p)
        p <- duo2(d)
        z <- (2 * p * (1 - p))/(dnorm(d/sqrt(2))^2)
        z <- round(z, 4)
        z
}

########
d<-d2afc0(p)
b<-b2afc0(p)
dv<-c(d,b/n)
dv
}

#2
ThreeAFC<-function(x,n){
#d' and variance of d'
#x:number of correct responses; n:sumple size
p<-x/n
p
##############
d3afc0<-function(p)
{
        m3afc2 <- function(d, p)
        {
                fu <- function(x, d)
                {
                        #d <- 1
                        y <- pnorm(x)^2 * dnorm(x - d)
                        y
                }
                z <- integrate(fu, d = d, -99, 99)[[1]]
                #z <- round(z, 5)
                z - p
        }
        d <- uniroot(m3afc2, p = p, interval = c(0, 10))$root
        d <- round(d, 4)
        d
}
#######
mAFC0<-function(m,d){
#for pc for given delta for m-AFC
#dd: a vector of delta values
#J.Bi(Sensometrics Research and Service, USA)
k<-m-1
#########
mnpc0<-function(d,k){
#Psychometric function of m-AFC.
pff<-function(x,d,k){ff<-pnorm(x)^k*dnorm(x-d)
ff}
pc<-integrate(pff,-99,99,d=d,k=k)[[1]]
pc<-round(pc,4)
pc
}
###################
n<-length(d)
pp<-d
for(i in 1:n){pp[i]<-mnpc0(d[i],k)}
#cat("Pc values:","\n")
pp
}
#########
b3afc0<-function(p)
{
        #For B values
        d <- d3afc(p)
        dd3afc <- function(d)
        {
                fu <- function(x, d)
                {
                        #d <- 1
                        y <- pnorm(x)^2 * dnorm(x - d) * (x - d)
                        y
                }
                z <- integrate(fu, d = d, -99, 99)[[1]]
                z
        }
        z <- (mAFC0(3,d) * (1 - mAFC0(3,d)))/(dd3afc(d)^2)
        z <- round(z, 4)
        z
}

###########
d<-d3afc0(p)
b<-b3afc0(p)
dv<-c(d,b/n)
dv
}

#3
TRI<-function(x,n){
N<-n
n<-x
k<-length(n)
dv<-matrix(0,k,2)
dimnames(dv)[[2]]<-c("d'","var(d')")
###########
Triangle0<-function(n,N){
#d-prime and its variance for the Triangle test
#Bradley (1963, Biometrics, 19,385-397)
nn<-c(n,N)
TRIf<-function(d,dat){
n1=n
n2=N-n1
pr1<-pf(3,1,1,(2/3)*d^2,lower.tail=F)
pr2<-1-pr1
L<-n1*log(pr1)+n2*log(pr2)
-L}
xx<-nlminb(start=0.1, objective=TRIf,dat=nn)
xx$par
library(numDeriv)
vd<-solve(hessian(TRIf,xx$par,dat=nn))
dd<-xx$par
res<-c(dd,vd)
res
}
#########
for(i in 1:k){dv[i,]<-Triangle0(n[i],N[i])}
#cat("d-prime and its variance for Triangle test","\n")
dv<-round(dv,4)
dv<-as.vector(dv)
dv
}

#4
DUTR<-function(x,n){
#d' and variance of d'
#x:number of correct responses; n:sumple size
p<-x/n
######
ddutr0<-function(p)
{#d' for pc for duo-trio
k<-length(p)
dd<-rep(0,k)
ddf<-function(p){
duotr2 <- function(d, p)
{
p1 <- 1 - pnorm(d/sqrt(2)) - pnorm(d/sqrt(6))
p2 <- 2 * pnorm(d/sqrt(2)) * pnorm(d/sqrt(6))
z <- p1 + p2
#z <- round(z, 5)
z - p
}
d <- uniroot(duotr2, p = p, interval = c(0, 10))$root
d <- round(d, 4)
d}
for(i in 1:k){dd[i]<-ddf(p[i])}
dd
}
########
bdutr0<-function(p)
{
#For B value for duo-trio
#p <- mdutr(d)
k<-length(p)
bf<-function(p,d){
dp1 <-  - dnorm(d/sqrt(2))/sqrt(2)
dp2 <-  - dnorm(d/sqrt(6))/sqrt(6)
dp3 <- sqrt(2) * dnorm(d/sqrt(2)) * pnorm(d/sqrt(6))
dp4 <- pnorm(d/sqrt(2)) * dnorm(d/sqrt(6)) * sqrt(2/3)
dp <- dp1 + dp2 + dp3 + dp4
z <- (p * (1 - p))/(dp^2)
z <- round(z, 4)
z}
b<-rep(0,k)
d<-b
for(i in 1:k){
d <- ddutr(p[i])
b[i]<-bf(p[i],d)}
b
dd<-ddutr(p)
res<-cbind(p,dd,b)
dimnames(res)[[2]]<-c("Pc","d-prime","B-value")
res<-round(res,4)
res
}
########
d<-ddutr0(p)
b<-bdutr0(p)[3]
dv<-c(d,b/n)
dv
}

#5
STETR<-function(x,n){
#d' and variance of d'
#x:number of correct responses; n:sumple size
p<-x/n
###########
dtets0<-function(p)
{
#d' for specified tetrad
des <- function(d, p)
{
tetup0 <- function(d)
{
#pc for tetrad test
int <- function(x, d)
{
s <- dnorm(x) * pnorm(x) * (2 * pnorm(x - d) - pnorm(
x - d)^2)
s
}
ss <- integrate(int, d = d, -99, 99)[[1]]
ss
pc <- 1 - 2 * ss
pc
}
tetup0(d) - p
}
delta <- uniroot(des, interval = c(0, 10), p = p)
delta <- delta[[1]]
delta
}
#################
btets0<-function(p)
{
#variance of d' from specified tetrad
tetsd0 <- function(p)
{
#d' for specified tetrad
des <- function(d, p)
{
tetup0 <- function(d)
{
#pc for tetrad test
int <- function(x, d)
{
s <- dnorm(x) * pnorm(x) * (2 * pnorm(x - d) -
pnorm(x - d)^2)
s
}
ss <- integrate(int, d = d, -99, 99)[[1]]
ss
pc <- 1 - 2 * ss
pc
}
tetup0(d) - p
}
delta <- uniroot(des, interval = c(0, 10), p = p)
delta <- delta[[1]]
delta
}
int1 <- function(x, d)
{
s1 <- dnorm(x) * pnorm(x) * dnorm(x - d)
s1
}
int2 <- function(x, d)
{
s2 <- dnorm(x) * pnorm(x) * pnorm(x - d) * dnorm(x - d)
s2
}
d <- tetsd0(p)
ss1 <- integrate(int1, d = d, -99, 99)[[1]]
ss2 <- integrate(int2, d = d, -99, 99)[[1]]
dp <- 4 * ss1 - 4 * ss2
bb <- (p * (1 - p))/dp^2
bb <- round(bb, 4)
bb
}
###############
d<-dtets0(p=p)
b<-btets0(p=p)
dv<-c(d,b/n)
dv
}

#6
UTETR<-function(x,n){
#d' and variance of d'
#x:number of correct responses; n:sumple size
p<-x/n
##########
dtetu0<-function(p)
{
#d' for unspecified tetrad
de <- function(d, p)
{
tetup0 <- function(d)
{
#pc for tetrad test
int <- function(x, d)
{
s <- dnorm(x) * (2 * pnorm(x) * pnorm(x - d) - pnorm(
x - d)^2)
s
}
ss <- integrate(int, d = d, -99, 99)[[1]]
ss
pc <- 1 - 2 * ss
pc
}
tetup0(d) - p
}
delta <- uniroot(de, interval = c(0, 10), p = p)
delta <- delta[[1]]
delta
}
###########
btetu0<-function(p)
{
#variance of d' from tetrad
tetud0 <- function(p)
{
#d' for unspecified tetrad
de <- function(d, p)
{
tetup0 <- function(d)
{
#pc for tetrad test
int <- function(x, d)
{
s <- dnorm(x) * (2 * pnorm(x) * pnorm(x - d) -
pnorm(x - d)^2)
s
}
ss <- integrate(int, d = d, -99, 99)[[1]]
ss
pc <- 1 - 2 * ss
pc
}
tetup0(d) - p
}
delta <- uniroot(de, interval = c(0, 10), p = p)
delta <- delta[[1]]
delta
}
int1 <- function(x, d)
{
s1 <- dnorm(x) * pnorm(x) * dnorm(x - d)
s1
}
int2 <- function(x, d)
{
s2 <- dnorm(x) * pnorm(x - d) * dnorm(x - d)
s2
}
d <- tetud0(p)
ss1 <- integrate(int1, d = d, -99, 99)[[1]]
ss2 <- integrate(int2, d = d, -99, 99)[[1]]
dp <- 4 * ss1 - 4 * ss2
bb <- (p * (1 - p))/dp^2
bb <- round(bb, 4)
bb
}

########
d<-dtetu0(p)
b<-btetu0(p)
dv<-c(d,b/n)
dv
}

#7
ANAdv<-function(a,an,n,nn){
#d' and variance of d'
#x:number of correct responses; n:sumple size
x<-a
na<-an
#########
anadvn0<-function(x, na, n, nn)
{
#output:d',v, vn
if(x==0||n==0){d<-0
v<-9}else{
pn <- n/nn
pa <- x/na
#if(pn==1){pn<-0.9999}
#if(pn==0){pn<-0.0001}
#if(pa==1){pa<-0.9999}
#if(pa==0){pa<-0.0001}
d <- qnorm(1 - pn) - qnorm(1 - pa)
bn <- (pn * (1 - pn))/(dnorm(qnorm(1 - pn))^2)
ba <- (pa * (1 - pa))/(dnorm(qnorm(1 - pa))^2)
na <- c(bn/nn, ba/na)
v <- sum(na)}
dv <- c(d, v)
dv
}
#########
dv<-anadvn0(x,na,n,nn)
dv
}

#8
SDdv<-function(sn, n1, dn, n2)
{
# d’ and variance of  d’ for same-different method.
s <- sn/n1
d <- dn/n2
p1 <- s + (1 - s)/2
ta <- qnorm(p1) * sqrt(2)
del <- function(delta, ta, d)
{
pnorm((ta - delta)/sqrt(2)) - pnorm(( - ta - delta)/sqrt(2)) - d
}
delta <- uniroot(del, interval = c(0, 10), ta = ta, d = d)
delta <- delta[[1]]
fi <- dnorm(qnorm(p1))
fi <- fi^2
btau <- (s * (1 - s))/(2 * n1 * fi)
bvp2 <- (d * (1 - d))/n2
a <- (ta - delta)/sqrt(2)
b <- ( - ta - delta)/sqrt(2)
dx <-  - dnorm(a)/sqrt(2) + dnorm(b)/sqrt(2)
dy <- dnorm(a)/sqrt(2) + dnorm(b)/sqrt(2)
bdelta <- bvp2/dx^2 + ((dy^2) * btau)/(dx^2)
dv <- c(delta, bdelta)
dv <- round(dv, 3)
dv
}

#9
ANARAT<-function(rfal,rhit)
{#Ratings of A-Not A
x<-cbind(rev(rfal),rev(rhit))
x0 <- x
k <- length(x0[, 1])
#ml estimation
##
anaml0<-function(pr, y)
{
x <- y
k <- length(x[, 1])
x1 <- as.vector(cumsum(x[, 2]))
x2 <- as.vector(cumsum(x[, 1]))
na <- x1[k]
nn <- x2[k]
p <- k - 1
L <- 0
for(i in 1:p) {
pa <- pnorm(pr[p + 1] - pr[i])
pn <- pnorm( - pr[i])
L <- L + x1[i] * log(pa) + (na - x1[i]) * log(1 - pa) + x2[i] * log(pn) + (nn - x2[i]) * log(1 - pn)
}
 - L
}
####################
anarocml0 <- function(x)
{
k <- length(x[, 1])
a0 <- cumsum(x[, 1])/sum(x[, 1])
a <- qnorm(a0)
a[k] <- 1
y <- nlminb(start = a, y = x, objective = anaml0)
pr <- y$par[k]
pr
}
###################
m <- c("A-Not A")
mle <- anarocml0
dd <- mle(x)
bb <- seq(1, 1000)
for(i in 1:1000) {
y1 <- tabulate(sample(rep(seq(1:k), x0[, 1]), sum(x0[, 1]), replace = T), k)
y2 <- tabulate(sample(rep(seq(1:k), x0[, 2]), sum(x0[, 2]), replace = T), k)
bb[i] <- mle(cbind(y1, y2))
}
a <- seq(1, 2)
a[1] <- dd
a[2] <- var(bb)
a <- round(a, 4)
options(warn = -1)
#cat("Maximum likelihood estimation of d' for ROC of", m, "\n")
cat("d':", a[1], ";", "var:", a[2], "\n")
a
}

#10
SDRAT<-function(rsam,rdif)
{#Ratings of Same-Different
x<-cbind(rev(rsam),rev(rdif))
x0 <- x
k <- length(rsam)
#ml estimation
####################
sdml0<-function(pr, y)
{
x <- y
k <- length(x[, 1])
x1 <- as.vector(cumsum(x[, 2]))
x2 <- as.vector(cumsum(x[, 1]))
ns <- x1[k]
nd <- x2[k]
p <- k - 1
L <- 0
for(i in 1:p) {
ps <- 2 * pnorm(pr[i]/sqrt(2)) - 1
pd <- pnorm(pr[i]/sqrt(2) - pr[p + 1]/sqrt(2)) - pnorm( - pr[i]/sqrt(2) - pr[p + 1]/sqrt(2))
L <- L + x1[i] * log(ps) + (ns - x1[i]) * log(1 - ps) + x2[i] * log(pd) + (nd - x2[i]) * log(1 - pd)
}
 - L
}
#########
sdrocml0 <- function(x)
{
k <- length(x[, 1])
a0 <- cumsum(x[, 1])/sum(x[, 1])
a <- qnorm((a0 + 1)/2)
a[k] <- 1
x <- nlminb(start = a, y = x, objective = sdml0)
pr <- x$par[k]
pr
}
###################
m <- c("Same-Different")
mle <- sdrocml0
dd <- mle(x)
bb <- seq(1, 500)
for(i in 1:500) {
y1 <- tabulate(sample(rep(seq(1:k), x0[, 1]), sum(x0[, 1]), replace = T), k)
y2 <- tabulate(sample(rep(seq(1:k), x0[, 2]), sum(x0[, 2]), replace = T), k)
bb[i] <- mle(cbind(y1, y2))
}
a <- seq(1, 2)
a[1] <- dd
a[2] <- var(bb)
a <- round(a, 4)
options(warn = -1)
#cat("Maximum likelihood estimation of d' for ROC of", m, "\n")
cat("d':", a[1], ";", "var:", a[2], "\n")
a
}

#11
dpdtest<-function(d,v){
#difference test for d'
t2<-matrix(0,1,4)
t2[1,1:2]<-c(d,v)
dimnames(t2)[[2]]<-c("d'","var(d')","z","p-v")
t2[1,3]<-d/sqrt(v)
t2[1,4]<-1-pnorm(t2[1,3])
t2
}

#12
dpstest<-function(d,v,slim){
#similarity test for d'
#slim is simularity limit in terms of d'
t2<-matrix(0,1,5)
dimnames(t2)[[2]]<-c("d'","var(d')","lim","z","p-v")
t2[1,1:2]<-c(d,v)
t2[1,3]<-slim
t2[1,4]<-(d-slim)/sqrt(v)
t2[1,5]<-pnorm(t2[1,4])
t2
}

#13
dstest<-function(d, v)
{
#test for multiple d's
k <- length(d)
for(i in 1:k) {
if(v[i] == 0) {
v[i] <- 0.0001
}
}
w0 <- sum(1/v)
d0 <- sum(d/v)/w0
u <- sum((d - d0)^2/v)
p <- 1 - pchisq(u, k - 1)
all <- c(p, d0, 1/w0)
all <- round(all, 4)
cat("p-value:", all[1], "\n", "Weighted mean:", all[2], "\n", "Variance of Wm:", all[3], "\n")
all
}

#14
s2dptest<-function(d,v, d0)
{#simi test for two d-primes
#d and v are vectors
#Schuirmann TOST, JPB (1987), 15,657
s <- sqrt(v[1] + v[2])
z2 <- (d[1] - d[2] - d0)/s
z1 <- (d[1] - d[2] + d0)/s
pv2 <- pnorm(z2)
pv1 <- 1 - pnorm(z1)
res <- c(z1,z2,pv1, pv2)
res <- round(res, 4)
cat("Z1,Z2,pv1,pv2:","\n")
res
}


2

