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 Evaluation of an adaptive measurement procedure

Abstract

An Adaptive Staircase method, introduced by Cardozo [IPO Rep. Vol. , –. ()],
was evaluated by using it in combination with several different measurement paradigms
in a pure-tone frequency discrimination experiment. Many of these combinations have
not been used before in frequency discrimination experiments. In a first experiment
four different paradigms were used: the Yes-No, the Same-Different, the Two-Interval
Forced-Choice, and the Three-Interval Forced-Choice paradigm. In addition, for the
Three-Interval Forced-Choice paradigm a quicker version of the adaptive procedure
was used. Immediate feedback was provided on a monitor in the soundproof booth.
During each measurement, the subjects were informed about its progression. To pre-
vent subjects from being influenced by this information in the repetitions of the
measurements, it was removed in a second experiment. In this experiment three more
paradigms were added: alternative versions of the Yes-No, the Same-Different, and the
Three-Interval Forced-Choice paradigm. A different group of subjects participated in
each experiment. The recorded psychometric relations were fitted with the expectations
from detection theory using a least-squares method. With the adaptive procedure we
could efficiently estimate the just-noticeable differences (jnds). In general, we found
good correspondence between the results for the two adaptive procedures and the
various paradigms. The only exception was the Yes-No paradigm, which produced a
relatively high jnd. This has also been reported for experiments where fixed stimulus
methods were used. So, for fixed as well as adaptive methods, this paradigm appears to
be less suitable for frequency discrimination experiments.

Introduction

The ability of humans to discriminate changes in the frequency of a pure tone has been
the subject of many investigations. The reported just-noticeable differences (jnds) de-
pend on the frequency of the tone and on the employed measurement paradigms. In
many studies Adaptive Staircase methods have been used, in which the frequency dif-
ference is adapted to converge toward the threshold value. Frequently, the “two-down
one-up” procedure of Levitt () has been used as a rule for adapting the frequency
difference; two correct responses lead to a decrease, and one incorrect response to an
increase. This adaption rule has been applied successfully in masking and intensity
discrimination experiments, but, in our experience, it is less suitable for frequency
discrimination experiments. Cardozo () introduced an adaptive procedure that
might have a number of advantages compared to the two-down one-up procedure
(both adaptive procedures converge around  percent correct). In Cardozos adaptive
procedure subjects are always presented with at least four trials at each frequency dif-
ference, which gives them better opportunity to get used to the perceptual differences
and to search for a cue. In the two-down one-up procedure the minimum number
of trials is only one, and the frequency difference changes much more often. This can
disturb learning effects, and thereby increase memory effects and prolong training pe-
riods. When using the Cardozo rules in combination with an appropriate measurement
paradigm, we expect minimal memory effects, and short training periods.

The adaption rules of Cardozo have been used in combination with the Two-
Interval Forced-Choice (IFC) paradigm by Horst and Ritsma () for detection
of complex stimuli in noise, and by Horst () for frequency discrimination of
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complex signals. In experiments with complex tones, discrimination cues can behave
erratically. Then, the adaption rules of Cardozo give subjects optimal opportunity
to adjust to the stimuli, and to carefully search for a cue. Although, in frequency
discrimination experiments subjects can often recognize the tone with the higher
frequency by its higher pitch, this is not generally the case for complex tones. When
there is no clear relation between the discrimination cue and the frequency, the IFC
paradigm can cause considerable confusion with the subjects. Therefore, we were
interested in using a different paradigm. For example, in a IFC paradigm subjects can
simply identify the odd tone, without having to relate the cue to the frequency difference.
To investigate the influence of using the adaption rules of Cardozo in combination with
different paradigms, we performed a frequency discrimination experiment with several
paradigms. To ascertain a clear correspondence between frequency and perceived pitch,
and to enable easy comparison with previous studies, we used a pure-tone stimulus in
this experiment.

Comparative studies with several paradigms have been performed by, e.g., Swets
() (also discussed in Green and Swets, ), Viemeister (), Jestead and Bilger
(), Yost et al. (), Jestead and Sims (), and Creelman and Macmillan ().
In all of these studies the percent correct was measured with a fixed-stimulus method,
rather than with an Adaptive Staircase method. In a signal detection in noise task,
Swets () compared the Yes-No paradigm with m-Interval Forced-Choice (mIFC)
paradigms, where m was , , , , and . In the first experiment, a direct comparison
of the Yes-No, the IFC, and the IFC task produced a good correspondence: for
four different signal-to-noise ratios the majority of d0 values were within % of
each other. Correspondence was also good in the second experiment with a direct
comparison of all five mIFC tasks: for all paradigms the proportion of correct detections
corresponded with d0 values between . and .. Creelman and Macmillan ()
used nine paradigms that were either fixed-standard or variable-standard paradigms.
With fixed-standard they indicated that the reference of the paradigms always was a
fixed tone, whereas the target always was the variable tone. This is in contrast with
the paradigms they called variable-standard, in which the reference and the target
were chosen randomly for each trial. In a frequency discrimination and a monaural
phase discrimination task they compared with each other the Yes-No paradigm, the
IFC paradigm, a variable-standard version of the IFC paradigm, and both fixed-
standard and variable-standard versions of the Same-Different, the ABX, and the AXA
paradigms. They found a reasonable correspondence between these paradigms for the
frequency discrimination tasks. With the usual definition of d0 (the difference between
the means of two underlying normal distributions in units of their common standard
deviation), their d0 values were mostly closely around .. The d0 values they found
for the Yes-No and the IFC paradigms differed from this mean, being . and .,
respectively. This indicates that their subjects performed better for the IFC than for
the Yes-No paradigm. This is in agreement with the findings of Jestead and Bilger
(), and Jestead and Sims (), who found for a frequency discrimination task
that subjects performed better for the IFC, as compared to the Yes-No and the Same-
Different paradigm, than expected from detection theory. The same was found for
intensity discrimination tasks by Viemeister (), and, somewhat less extreme, by
Jestead and Bilger (). For the detection of interaural temporal differences, Yost et
al. () found good correspondence between the Yes-No and the IFC paradigms. So,
the relation between these two paradigms appears to depend on the perceptual task.
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In recent publications on detection theory, “fixed” is used in a different sense,
i.e. as opposed to “roving”. Here, roving means that reference and target may have
a collective displacement in the stimulus space, independent of the distance between
them. Fixed, on the other hand, means that there is no such collective displacement of
reference and target. In this nomenclature, all paradigms used in the present study are
fixed. Unless stated otherwise, the nomenclature of Creelman and Macmillan ()
(fixed versus variable standard) is used in this paper.

To study the influence of the adaptive rules on frequency discrimination for a
number of paradigms we have used four fixed-standard paradigms in a first experiment:
the Yes-No, the IFC, the IFC and the Same-Different paradigm. The aim was to
record a part of the psychometric function around the threshold, using an efficient
adaptive method. Adaptive methods are much quicker than fixed stimulus methods,
as they do not require pilot experiments to estimate the threshold for each stimulus.
A comparison of psychometric functions recorded with an adaptive as well as a fixed-
stimulus method has been performed by Dai (). He found good correspondence
between the results from both methods. We evaluated the jnds by fitting the relations
from detection theory to the recorded parts of the psychometric functions. Next to the
adaption rules of Cardozo we also investigated for the IFC paradigm the influence
of a quicker version of these rules that converges around % (Lyzenga and Horst,
). For this paradigm  percent correct leads to a d0 of . In both experiments,
immediate feedback was given to the subjects. In the first experiment, they were
informed about the adaptions of the frequency difference during the measurement. To
prevent subjects from being influenced by this information in measurement repetitions
for the same paradigm, it was removed in a second experiment. In this experiment we
used three additional paradigms: alternative versions of the Yes-No, the Same-Different
and the IFC paradigms. This group of seven paradigms had sofar not been compared
for one group of subjects. Five of these paradigms were fixed-standard (the first five as
described in section I.C) and two were variable-standard.

I. General methods

A. Stimuli

Two experiments were carried out, both using a  kHz pure tone as stimulus. The
set of stimuli, needed for the determination of one jnd, consisted of a reference tone
with frequency F =  kHz and twelve targets with frequencies F +�F. The frequency
difference �F ranged from . to  Hz in eleven steps of a factor . The target
tone always had a higher frequency than the reference tone (the standard). The stimuli
had a total duration of  ms, including tapering by a raised cosine over the first
and last  ms. In both Moore (), and Freyman and Nelson () frequency
discrimination jnds for increasing stimulus length decreased to an asymptotic value
when the stimulus length was about  ms. All stimuli were presented at a level
of  dB above absolute threshold.

The stimulus waveforms were computed digitally with -bit resolution on an
HP-/ workstation. In the experiments, the stimuli were retrieved from hard-
disk by a PC and converted to analogue signals using an OROS AU digital-to-
analog converter at a sample rate of  kHz. The waveforms were filtered by a ninth-
order elliptical-type low-pass filter with a cutoff frequency of . kHz. Attenuation



I. GENERAL METHODS 9

was performed by a computer-controlled mixer custom-build at the Department of
ENT/Audiology. Stimuli were presented diotically through TDH headphones. They
were checked using a Federal Scientific UA-B spectrum analyzer.

B. Adaptive procedures

The two adaptive measurement procedures used were an adaptive procedure intro-
duced for the Same-Different paradigm by Cardozo (), and a modification of this
procedure as introduced by Lyzenga and Horst () for the IFC paradigm. These
procedures are illustrated in table . The original procedure converges around  per-
cent correct responses (as does the two-down one-up procedure of Levitt, ), and
the modified version converges around  percent correct. This is illustrated in the
panels (a) and (b) of figure , respectively. These panels show the chances of adapt-
ing the frequency difference in the upward, and in the downward direction, and of
keeping the same frequency difference in the next set of trials, indicated by p(Up),
p(Down), and p(Repeat), respectively. These chances are given as a function of the
chance of a correct response by the subject. For a small correct chance the “Up” chance
is practically one, which means the frequency difference is likely to be increased. For a
large correct chance the “Down” chance is nearly unity, so the frequency difference is
likely to be decreased. Thus, the frequency difference will converge toward, and then
oscillate around, the intersection of the curves for the “Up” and the “Down” chances,
respectively at  and  percent correct for the two procedures. Data were collected
until the direction of the frequency adaption had been reversed five times, or after three
consecutive test repetitions at the same frequency difference.

Table: The adaptive measurement procedures introduced by Cardozo () and Lyzenga and
Horst (). A jnd estimation is started at the upper left position of each table, marked as “S”
An incorrect response leads one row down, a correct response leads one column to the right.
When either the right side or the bottom of the table is reached, the target frequency is adapted
as indicated.

The subjects of the present investigation experienced both procedures as com-
fortable or agreeable. (Five of the eight subjects also participated in the experiments of
Lyzenga and Horst, .)
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Figure : In panel (a) the chances p(Down), p(Up) and p(Repeat) as functions of the chance of a
correct answer are shown for the adaptive procedure of Cardozo (). p(Down) indicates the
chance of decreasing the frequency difference (�F), p(Up) of increasing�F, and p(Repeat) of
maintaining the same�F in the next trials. The procedure converges around the intersection of
the “Up” and the “Down” chances at  percent correct. In panel (b) the same chances are shown
for the adaptive procedure used for the IFC paradigm in the first experiment (replotted from
Lyzenga and Horst, ). This procedure converges around  percent correct.

C. Measurement Paradigms

In the experiments a total of seven paradigms were used. Their tone sequences, and their
relations between d0 and the percent correct as given by detection theory, are described
in the following list. In the nomenclature of Creelman and Macmillan (), the first
five are fixed-standard, and the last two are variable-standard paradigms.

. The Yes-No Paradigm with one tone (Yes-No) using the tone “sequences” ‘H’
and ‘L’. For sufficiently large frequency differences, these tones produce the
sensations ‘High’ and ‘Low’. Using � as the cumulative Gaussian probability
density function:

�(k) =
p
�

Z k

�1

e�/w

dw ()

the percent correct as function of d0 can be expressed as:

p(c) = �(/d0) ()

as given by Green & Swets ().
. The Yes-No Paradigm with two tones (Yes-No) using the tone sequences ‘HH’

and ‘LL’, that produce the sensations ‘High’ and ‘Low’. Initially we ignore the
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possible influence of memory effects on these tasks, and choose the percent
correct as function of d0 identical to the relation for the Yes-No paradigm:

p(c) = �(/d0) ()

to enable a simple comparison of these two paradigms. This assumption will be
verified with the measured thresholds (see Section V).

. The Two-Interval Forced-Choice Paradigm (IFC) using the tone sequences
‘HL’ and ‘LH’, producing the sensations ‘First Higher’ and ‘Second Higher’. The
percent correct as function of d0 can be expressed as:

p(c) =
p
�

Z
1

�1

e�/(d0
�k)

�(k)dk = �(
d0p


) ()

as given by Swets et al. (), Green & Swets (), and Macmillan & Creelman
().

. The Same-Different Paradigm with two tone sets (Sm-Df) using the tone se-
quences ‘LL’ and ‘LH’, that produce the sensations ‘Same’ and ‘Different’. The
percent correct as function of d0 can be expressed as:

p(c) = �(/d0) ()

as given by Macmillan & Creelman (). They call this a reminder paradigm,
because it comprises the same signal intervals as the Yes-No paradigm, but with
the variable signal interval always preceded by the reference tone. The reference
tone acts thus as a “reminder” stimulus.

. The Three-Interval Forced-Choice Paradigm with three tone sets (IFC) using
the tone sequences ‘HLL’, ‘LHL’, and ‘LLH’, that produce the sensations ‘First
Higher’, ‘Second Higher’ and ‘Third Higher’. The percent correct as function of
d0 can be expressed as:

p(c) =
p
�

Z
1

�1

e�/(d0
�k)

�
(k)dk ()

as given by Swets et al. (), and Frijters ().
. The Same-Different Paradigm with four tone sets (Sm-Df) using the tone

sequences ‘LL’, ‘HH’, ‘LH’, and ‘HL’. The first two produce the sensation ‘Same’,
and the last two ‘Different’. The percent correct as function of d0 can be expressed
as:

p(c) = �(/d0) + [��(/d0)] ()

as given by Macmillan & Creelman (). This expression is in agreement with
the relations found with a maximum likelihood method by Dai et al. (),
under the condition of unbiased observations (C = ).

. Three-Interval Forced-Choice with six tone sets (IFC or Oddity) using the tone
sequences ‘HLL’, ‘LLH’, ‘LHL’, ‘HLH’, ‘LLH’, and ‘HHL’. The first two produce the
sensation ‘First Odd’, the middle two give ‘Second Odd’, and the last two ‘Third
Odd’. The percent correct as function of d0 can be expressed as:
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p(c) = �
(/d0) +

p
�

Z
�/d0

�1

e�/k

�
(k + d0)dk

+ [��(/d0)] +
p
�

Z
1

�/d0

e�/k

[��(k + d0)]dk ()

as derived with a maximum likelihood method by Versfeld et al. (), under
the condition of unbiased observation, for the fixed (i.e. non-roving) version of
the IFC paradigm.

Figure : A comparison of all seven paradigms. The percent correct responses are shown as a
function of d0: the difference between the means of two underlying normal distributions in units
of their common standard deviation. The shown curves for the Yes-No, Yes-No, and Sm-Df

paradigms are identical.

The subjects responded by pressing buttons that corresponded with the described
sensations. As an overview, the curves of p(c) as a function of d0 are shown for all
paradigms in figure .

D. Fitting the psychometric curves

In the experiments, subjects’ responses were recorded as percent correct scores p(c) for
a number of frequency differences between the reference and the target tone. Thus,
p(c) was measured as a function of the frequency difference�F. When the threshold is
defined at a certain percent correct value, a different d0 is recorded for each paradigm
(this is indicated in figure  for p(c) = %). For each paradigm, a relation p(c) = 	(d0)
between the d0 and the percent correct scores is given in section I.C. Using these relations
along with the measured percent correct data, we can find d0 as a function of �F for
each paradigm. A common method to transform the measured values of p(c) to d0

values is the usage of a table of the inverse of the relations () to (). This procedure
gives a psychometric curve with d0 as a function of the frequency difference. In order
to find the frequency difference corresponding to a certain d0-threshold value, various
strategies for interpolation can be followed. A simple possibility is to use a straight
line through the origin fitted with a least-squares method. With this method, however,
relatively much weight is given to the data for large frequency differences. When using
an Adaptive Staircase method, the corresponding percent correct values are not very
accurate, so a relatively large error is likely to be introduced into the estimation. This
problem can be avoided with a method of fitting the theoretical curves to the data.
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Nelson and Freyman () found a linear relation between the d0 and the
frequency difference. Therefore, we will assume that d0 is proportional to�F. We will
verify this assumption with the results of the experiments (see Section V). Using a
factor of proportionality r = d0/�F, with the dimension /Hz, we can write

p(c) = 	(r ��F) ()

Figure : Examples of the match between the data and the theoretical curves for three differ-
ent values of the factor of proportionality r between the d0 and the frequency difference. In
panel (a) r = ., in panel (b) r = ., and in panel (c) r = .. Clearly, the match is best in
panel (b), which leads to a jnd (/r) of  Hz. Panel (d) shows the relation of the total square
difference to /r, calculated for�F �  Hz.

Using the experimental results for a certain paradigm, we can determine the
ratio r between d0 and �F that minimizes the total square difference between the
data and the theoretical curve, i.e. �!i(pmeasured � ptheoretical). This is illustrated in
the panels (a) to (c) of figure . To obtain a greater influence on the more accurate
data (where more trials have been done), we weigh the square difference between the
theoretical curve and the data at each data point with !i: the number of trials at that
point. Panel (d) of figure  shows the typical dependence of the total square difference
on the factor of proportionality r. From the fitted curve (panel b), the threshold might
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be determined as the frequency difference at a certain percent correct value. This
method (Method A) gives jnds that depend on the paradigm. On the other hand, the
factor r that produces the best fit is a direct measure of the threshold in terms of the d0.
Choosing d0 =  as the threshold value, the definition of r gives:

jnd = /r ()

This method (Method B) should give jnds that are independent of the para-
digms. In the experiment sections we will compare the results determined by these two
methods.

II. Experiment 1. Four paradigms, extensive feedback

A. Methods

In the first experiment frequency discrimination was measured using four measurement
paradigms, the Yes-No, the Sm-Df, the IFC, and the IFC paradigm. Data were
collected for all paradigms using the Adaptive Staircase method of Cardozo ().
This procedure estimates  percent correct. In addition, the IFC paradigm was used
in a quicker version that estimates  percent correct (Lyzenga and Horst, ). During
all sessions, the various paradigms were presented to the subjects in a pseudorandom
order. The subject was given immediate feedback on a monitor in the sound proof
booth after each response.

Three normal hearing, well-trained subjects participated in the first experiment,
one female and two male, with ages ranging from  to . Two subjects provided
nine jnd estimates for each paradigm. Near threshold, these subjects performed 

to  trials at each frequency difference. Subject JL provided seventeen jnd estimates
for each paradigm and performed about  trials near threshold. The subjects were
trained before data collection. No improvements in the scores of the subjects were
observed after a training period of two sessions of six jnd estimations (i.e., about two
hours of training).

B. Results

The averaged percent correct scores p(c) (circular symbols), as a function of the fre-
quency difference�F, are shown for each paradigm in the left column of figure . The
dotted lines indicate the chance levels. The solid lines in the left column of figure  show
the theoretical curves after finding the ratios r that minimize the total square difference
between these curves and the data. The indicated thresholds in the upper four panels
represent the  percent correct point of these fitted theoretical curves (Method A).
In the bottom panel the  percent correct point is indicated, because the modified
adaptive procedure was used here.

The ratios r, that produced the least-squares fit for each paradigm, are represented
by the straight dotted lines in plots of d0 versus �F in the right column of figure .
The indicated thresholds represent the d0 =  point of these straight lines (method B).
Using the relations (), (), (), and () the measured values of p(c) were converted to d0

values, giving psychometric curves with d0 as a function of the frequency difference.
The d0 values are shown in the right column of figure  as circular symbols with error
bars. These error bars indicate the standard deviation across the subjects. Comparing
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Figure : The averaged psychometric curves of experiment  are shown in the left column. The
error bars indicate the standard deviations across the three subjects. The dotted lines indicate the
chance levels. The solid lines give the least-squares fit of the theoretical relations to the recorded
psychometric functions. The right column shows the psychometric curves of d0 as a function of
the frequency difference (�F). The error bars indicate the standard deviations. The dotted lines
represent the factor of proportionality (r) between d0 and�F that produced the least-squares fit
of the theoretical curves to the data.
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the dotted lines with the d0 values we see a good correspondence for low values of the
frequency difference. For�F =  Hz the d0 values in the circular symbols are all below
the dotted line. This difference indicates that jnds determined from fitting a straight
line through these d0 values may differ from those of our method. Due to the Adaptive
Staircase method, the data are not very accurate for �F values that are distant from
the threshold.

Comparing the thresholds displayed in both columns of figure , we see that
the adaption of the data using the approximation with the factor of proportionality r
brings the results of all four paradigms, and of both adaptive procedures, in closer
proximity. In four of the five panels of the right column of figure  we find a d0 = 

threshold near  Hz. We find a slightly higher threshold for the Yes-No paradigm.

III. Interim discussion

From the results of the first experiment it can be concluded that we can efficiently
record parts of the psychometric functions, and transform these to jnds in Hertz using
our fitting method. The  percent correct thresholds show a variation of a factor of ..
In the d0 =  thresholds this factor is reduced to .. These thresholds are very close
to  Hz for most paradigms. Especially the thresholds for the IFC paradigms with
the different adaption rules are practically identical. Only the Yes-No paradigm gives
a higher threshold than the other paradigms.

In the first experiment we gave the subjects feedback about the progression
of the measurement. This might, however, have influenced the results. From this
information, subjects may learn which level they usually reach for each paradigm,
which may influence their scores in repetitions of the measurements. To eliminate this
effect, we repeated the experiment with only immediate feedback about the correctness
of each response.

In the nomenclature of Creelman and Macmillan (), all the paradigms in the
first experiments were fixed-standard paradigms. To further investigate the influence
of the adaption rules of Cardozo on variable-standard paradigms, we added two such
paradigms to our list. Because of the deviation of the Yes-No from the other paradigms,
we also added the Yes-No paradigm that has double signal intervals.

IV. Experiment 2. Seven paradigms, limited feedback

A. Methods

In the second experiment seven different paradigms were used. These were the four
paradigms of the first experiment, supplemented with the Yes-No, the Sm-Df, and
the IFC (Oddity) paradigm. In this experiment the adaptive procedure of Cardozo
() was used. The subject was given immediate feedback after each response. No
feedback about the progression of the measurement was given. During all sessions, the
various paradigms were presented to the subjects in a pseudorandom order.

Five normal hearing subjects that were new to psychoacoustic measurements
participated in the experiment. All were females with ages between  and . The
subjects were trained before data collection. No improvements in the scores were
observed after a training period of four sessions of six jnd estimations (i.e., about four
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hours of training). All subjects made ten to twelve jnd estimates for each paradigm.
Near threshold, they performed  to  trials at each frequency difference.

B. Results

The averaged percent correct scores p(c) (circular symbols), as a function of the fre-
quency difference�F, are shown for each paradigm in the left column of figure . The
format of this figure is the same as of figure . The solid lines in the left column show
the theoretical curves after finding the ratios r that minimize the total square difference
between these curves and the data. The indicated thresholds represent the  percent
correct points of the fitted curves (Method A).

The dotted lines in the right column of figure  represent the factor of propor-
tionality r that produced the least-squares error between the theoretical curves and the
data. The indicated thresholds represent the d0 =  points of these lines (Method B).
Using the relations () to () the measured values of p(c) were converted to d0 values,
giving psychometric curves with d0 as a function of �F. The d0 values are shown as
circular symbols (with error bars). Comparing the dotted lines with the d0 values we see
good correspondence for medium values of the frequency difference. For low values
of �F the d0 values in the circular data are somewhat irregular for the two Same-
Different paradigms and for the IFC. This is probably caused by the limited accuracy
here, due to the Adaptive Staircase method. For�F =  Hz the d0 values are closer to
the dotted line than was found for experiment , but they still tend to be below this
line.

Comparing the thresholds displayed in both columns of figure , we see that
the adaption of the data using the approximation with the factor of proportionality r
brings the results of all seven paradigms in closer proximity. In five of the seven panels
of the right column of figure  we find a d0 =  threshold between . and . Hz. We
only find higher thresholds for the two Yes-No paradigms.

V. Discussion and conclusions

From the results of the first experiment we concluded that we could efficiently record
the psychometric functions with the adaptive methods, and transform these to jnds
with our fitting method. The same is found for the second experiment. The possibility
of recording psychometric functions with adaptive methods confirms the results of Dai
().

The two jnd estimations with different adaptive procedures, for the IFC para-
digm in the first experiment, produced the same d0 =  thresholds. This indicates that
these Adaptive Staircase methods, when used in a simple perceptual task like pure-tone
frequency discrimination, have little influence on a threshold defined in terms of the d0.

For the first experiment, the  percent correct thresholds in the left column of
figure  show a range from . to . Hz. For the second experiment, these thresholds
in the left column of figure  show a range from . to . Hz. So, in the extreme case a
difference of a factor of three can occur for the paradigms used. The d0 =  thresholds in
the right columns of the figures  and  are all close to  Hz, except for those of the Yes-
No paradigms. So, from a comparison of the d0 =  thresholds, all paradigms except
the Yes-No paradigms appear to be suitable for application in pure-tone frequency
discrimination experiments. The inexperienced subjects of the second experiment,
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Figure : The averaged psychometric curves of experiment . The format of this figure is the
same as of figure . The error bars indicate the standard deviations across the five subjects.
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however, all disliked the variable-standard paradigms (the Sm-Df and the IFC). As
noted before, we consider the IFC paradigm unsuitable for experiments with complex
tones. From our group of paradigms, this leaves the Sm-Df and the IFC paradigms
as the most suitable for application in frequency discrimination experiments with
complex tones.

In both experiments, the jnd for the Yes-No paradigm is about a factor of .
larger than the others. In the second experiment, the deviation from the mean threshold
is larger with a single tone interval than with two tone intervals in the Yes-No paradigm.
If the perception of the two tones, in this paradigm, was independent for each tone,
we would expect a difference in the average thresholds for both paradigms of a factor
of
p

 � .). If the detection was optimal and unbiased, we would expect the same
result for both Yes-No paradigms. We actually found a difference of ., which is in the
middle between the expectations for optimal detection and for independent perception
of the two tones. This factor of . might partially be attributed to a difference in
bias of the subjects for both paradigms. However, since bias was not recorded in
these measurements we cannot draw any conclusion about the possible influence of
bias. Another cause for this factor might be found in memory effects. Apparently the
double signal interval produces some extra information for the subject. This might be
attributed to a better recollection of the tones in the case of the double signal interval;
in this paradigm more tones are presented to the subjects per unit of time.

Viemeister (), Jestead and Bilger (), Jestead and Sims (), and Creel-
man and Macmillan (), found a relatively large threshold for the Yes-No paradigm
as compared to their other paradigms. This is in agreement with our results. In all
these studies fixed-stimulus methods were used, in contrast to our adaptive method.
So, for both methods, the influence of memory effects appears to be about the same.
This is in agreement with Wier et al. (), who found practically identical pure-tone
frequency discrimination jnds for a fixed-stimulus and an adaptive method (using
a IFC paradigm). The consistent deviation of the Yes-No jnd from the others implies
that the possibility to compare consecutive tones is essential for the performance in
frequency discrimination experiments. This conclusion is corroborated by the finding
of Jestead and Sims that this deviation of the Yes-No jnd is much smaller for frequency
modulation discrimination. A single frequency-modulated stimulus contains two ex-
treme frequencies, which may be compared with each other. All this is in agreement
with the observation of Macmillan and Creelman () on page , that “the basic
psychophysical process (. . .) is comparison”.

The thresholds of the four paradigms of the first experiment are practically equal
to the corresponding thresholds in the second experiment, so the discrimination is
hardly influenced by feedback about the progression of the measurement. Furthermore,
a different group of subjects participated in each experiment. The group of subjects of
the second experiment were new to this type of experiment. In both experiments, the
subjects required only short training periods. This is confirmed by Lyzenga and Horst
() for frequency discrimination experiments with complex tones.

When comparing the data with the fitted theoretical curves in the left columns
of the figures  and , we see a fairly good match for all paradigms. The right columns
of the figures  and  provide a comparison of the two described methods of finding a
relation between the d0 and the frequency difference. We see a good match between the
straight dotted line and the transformed data (circles) for small values of the frequency
difference. For larger values the transformed data tend to fall below the straight line.
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Here we see a saturation effect in the psychometric curves. So, the assumption of pro-
portionality between d0 and�F does not seem to hold for large frequency differences.
We should, however, take into account that the accuracy of the data at a frequency
difference of  Hz is smaller than for the data near the thresholds, because less data was
collected here. Near the thresholds we do find good proportionality between d0 and the
frequency difference for all paradigms.

Next we consider shortly the question whether d0 should be related to the fre-
quency difference (�F) or the Weber fraction (�F/F). In the present investigation
we examined frequency discrimination for only one frequency of the reference tone
( Hz), therefore, this study provides no distinction between the two scales concern-
ing their relation to d0. Nelson and Freyman () studied frequency discrimination
for frequencies between  Hz and  kHz. Their data show a linear relation between
the psychometric function of d0 and the Weber fraction.

In summary, in both experiments we found that we could efficiently record
the psychometric functions with the adaptive method, and transform them to jnds
with our fitting method. The different adaption rules used for the IFC paradigm
had no influence on the d0 =  thresholds. The discrimination was hardly influenced
by feedback about the progression of the measurement. For all paradigms, we found
proportionality between the d0 and the frequency difference near the thresholds. The
theoretical considerations on the basis of near optimal detection unified all paradigms
used, except for the Yes-No paradigm. This deviation has also been encountered in
many studies using fixed-stimulus methods. So, for fixed as well as adaptive methods,
this paradigm appears to be less suitable for frequency discrimination experiments.
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