
Perception thresholds for changes in frequency response

Wahrnehmungsschwellen von Veränderungen im Frequenzgang

Abstract
Adapting the frequency response to the preferences of a listener has
a variety of applications, like adapting an equalizer for individualized
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Birger Kollmeier1music playback in hearables or finetuning the frequency-dependent
gain in the context of hearing aid fitting. For a consistent preference to
be developed by the listener, the presented options must be clearly
distinguishable.
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frequency band to ensure discriminability. Thresholds are measured
for gain applied in different two-octave-wide frequency bands and
stimuli.
Median thresholds (d’=1.24) are between 3.5 and 7.3 dB for most
conditions. Using a noise stimulus, median thresholds tended to be
higher for changes at low frequencies and differed little between condi-
tions with positive and negative gains. Using a full sentence as a stim-
ulus, thresholds for positive gains tended to increase with frequency,
while thresholds for negative gains behaved non-monotonically. Using
a single word as a stimulus, thresholds are much higher than for the
full sentence (>9.5 dB).

Zusammenfassung
Anpassungen des Frequenzgangs an die Präferenz eines Zuhörers haben
eine Reihe von Anwendungen, wie das Anpassen eines Equalizers für
individualisierte Musikwiedergabe in Hearables oder das Feintuning
von frequenzabhängiger Verstärkung in der Hörgeräteanpassung. Eine
konsistente Präferenz des Zuhörers erfordert eine klare Unterscheidbar-
keit der präsentierten Optionen.
Diese Studie untersucht, wie viel Verstärkung in einzelnen Frequenz-
bändern notwendig ist, um eine Unterscheidbarkeit zu gewährleisten.
Die resultierenden Wahrnehmungsschwellen werden für verschiedene
Frequenzbänder und Stimuli betrachtet.
Schwellen (d’=1,24) liegen für die meisten Konditionen im Median
zwischen 3,5 und 7,3 dB. Für einen Rausch-Stimulus zeigen sich eine
Tendenz zu höheren Schwellen bei niedrigen Frequenzen und wenig
Unterschied zwischen positiven und negativen Verstärkungswerten. Für
einen Satz-Stimulus zeigt sich für positive Verstärkungen eine Tendenz
zu höheren Schwellen bei höheren Frequenzen, während Schwellen für
negative Verstärkungen sich nicht-monoton verhalten. Für ein einzelnes
Wort als Stimulus ergeben sich deutlich höhere Schwellen als für einen
ganzen Satz (>9,5 dB).

1 Introduction
Subjective preferences of a listener are used to find ap-
propriate frequency-dependent gain settings for a device
or an application in a variety of scenarios. This includes
for example adjusting equalization settings in consumer
hardware, fine-tuning a hearing-aid fitting, or hearing-
related research studies. A listenermay be presented with
pairs of different stimulus-versions, between which they

have to choose their preferred one [1], [2], or they may
be in control of gains in different frequency bands them-
selves [2], [3], [4].
For the adjusted preference to have meaning, the
presented differences must be large enough such that
the listener can develop a stable preference. This requires
listeners to be able to consistently differentiate between
the available options. However, this seems to not always
be considered in the study design.
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Steering equalization of gain curve adjustments requires
the listener to not only perceive an added peak (e.g.,
based on level changes), but to differentiate between
different frequency responses independent from the in-
troduced changes to the overall level. This ability to detect
changes to the spectral profile has been analyzed by
Green [5], whomeasured detection thresholds for relative
level changes to one sinusoidal tone within a tone com-
plex. Changes between approximately 1 and 4 dB could
be detected, depending on number and density of the
sinusoidal background components. However, their study
is limited to the artificial case of discrete frequency
components with changes at a single frequency.
Discrimination of band-limited changes in broadband
noise has been analyzed by Moore et al. [6], who showed
that narrowband peaks (up to 0.7 octaves wide) can be
detected from approximately 1–2 dB in some conditions.
But frequency bands adapted in the context of equaliza-
tion are usually wider. Caswell-Midwinter & Whitmer [7],
[8] have analyzed the noticeability of gain changes in
octave-width and dual-octave-width frequency bands in
the context of hearing-aid fine-tuning. In a same-different-
task targeting the just noticeable difference (JND), they
found thresholds of 2.8–4.5 dB in speech-shaped noise,
and thresholds of 3.7–9.6 dB in speech. However, these
studies did not account for the introduced changes to
the overall level explicitly.
In addition to discrimination of gain increments, frequency
response adjustments also require discrimination of gain
decrements. The effect of using gain decrements rather
than gain increments varies between the different para-
digms: Notches in broadband stimuli yield much higher
thresholds (7–10 dB) compared to peaks (1–3 dB) [6].
At the same time, profile analysis thresholds for gain
decrements (4–6 dB) and increments (3–6 dB) are rather
similar [9]. It is not clear how detection of gain decre-
ments behaves for changes to a wide frequency range
when no level cues are available.
Therefore, this study assesses the noticeability of both
gain increments and decrements to the frequency re-
sponse of a filter. Changes to the broadband level were
compensated to minimize the participants’ ability to de-
tect changes based on overall level changes. Perception
thresholds for filter changes were measured at different
frequencies as well as in different stimuli.

2 Methods
Perception thresholds were measured in a 3-alternative-
forced-choice (AFC) experiment using the AFC-framework
by Ewert [10]. Each trial consisted of three presentations
of the same stimulus. For one of those presentations, a
gain increment or decrement was introduced in exactly
one frequency band (see Figure 1). This was achieved by
filtering the stimuli with self-similar, two-octave-wide filters
as proposed by Abel & Berners [11]. Filters were centered
around 150 Hz, 600 Hz and 4,800 Hz. Stimuli were nor-
malized after filtering to minimize the risk that parti-

cipants perceive the filtering due to a change in overall
level (instead of a change in spectral shape as intended).

Figure 1: Exemplary filters as compared by the participants.
The reference filter introduced no gain, while the test filter

introduced a variable gain change (here: 5 dB increment) at a
specified frequency (here: 600 Hz).

Three different stimuli were chosen: (1) A sentence from
the German matrix sentence test (German: Oldenburger
Satztest) OLSA [12], because speech is a relevant signal
in real-world applications. (2) A single word cut from an
OLSA-sentence [12] as a shorter speech stimulus, be-
cause participants in the pilot study noted that the length
of the sentence stimulus impeded a direct comparison
between corresponding parts of the sentence. (3) A frozen
white noise stimulus, because good discrimination of
spectral changes is usually expected in stationary
broadband signals. Speech and noise stimuli were
presented at 65 and 60 dB SPL, respectively.
The experiment started with a short training, consisting
of a measurement of two exemplary conditions (noise,
gain increment at 600 Hz; sentence, gain decrement at
4,800 Hz). During the training, participants received
feedback after each response indicating whether they
had identified the correct interval. Afterwards, two
measurements were performed in random order:

• Adaptive measurement of thresholds (1-up-2-down
procedure → 70% correct responses or d’=1.24):
A step-size of 1 dB was used in the measurement
phase. Gains were introduced at each of the frequen-
cies for sentence and noise stimuli, and at 600 Hz for
the word stimulus. One condition (sentence; gain at
600Hz) was alsomeasuredwithout level normalization
to estimate the effect of level cues. Conditions were
presented in a random order.

• Measurement of psychometric functions: For one
condition (noise; gain at 600 Hz), ten gains between
–20 and 10 dB were presented ten times each in a
random order.

Nine participants (audiometric thresholds ≤25 dB HL;
6 female, 3 male; aged 25.8±2.3) participated in this
experiment. One participant could not reliably perform
the task, with thresholds being identified as outliers in 5
out of 16 conditions (showing deviations up to 7.4 · IQR),
and was therefore excluded. All participants provided
written informed consent. The total duration of ameasure-
ment appointment was between 75–90 minutes.
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Figure 2: Measured thresholds of transfer function changes in a certain band presented as boxplots (whiskers span points within
1.5× the interquartile range (IQR)) and swarmcharts. Filled and unfilled boxplots denote gain increments and decrements.

Colors denote stimuli. Brackets mark significant differences.

3 Results

3.1 Effect of stimulus and frequency

Figure 2 shows measured thresholds for each condition
and participant (points) and summarized across parti-
cipants (boxplots). Subplots group conditions where gains
were introduced at the same frequency. Colors indicate
different stimuli. Filled and empty boxplots show data for
conditions introducing gain increments and decrements,
respectively.
For most conditions, median thresholds are between
3.5 dB and 7.3 dB, with the exception of the word-stimu-
lus and gain decrements introduced to the sentence-
stimulus at 600 Hz. For the noise stimulus, thresholds
tend to be lower for gain changes at high frequencies
than for those at low frequencies. Differences between
thresholds for gain increments and decrements are small,
with median differences below 1 dB. For the speech
stimulus, thresholds for gain increments and decrements
show different frequency dependencies. Thresholds tend
to increase with increasing frequencies for gain incre-
ments, but thresholds are highest in themiddle frequency
band (600Hz) for gain decrements. For the word-stimulus,
thresholds are considerably higher than for the corres-
ponding measurements for sentence- and noise stimuli.
Similar to the sentence-stimulus at 600 Hz, gain decre-
ments yield considerably higher thresholds than gain in-
crements.
A linear mixed-effects model was fitted to the data and
an ANOVA was used to confirm the existence of a signifi-
cant three-way-interaction (F(2.91)=6.87, p=0.002). Post-
hoc t-tests with Bonferroni correction were conducted,
comparing only conditions that differed in one of the three
factors. Significant comparisons are noted in Figure 2 as
brackets.

Figure 3: Measured thresholds without (left) and with (right)
level normalization for the speech stimulus with gain applied
at 600 Hz. Symbols and coloring are the same as in Figure 2.

3.2 Effect of level cues

Figure 3 shows the measured thresholds (sentence
stimulus, gain at 600 Hz) both with level normalization
(right subplot; as seen in Figure 2) and without (left sub-
plot).
For gain increments (filled boxplots), median thresholds
around 5 dB can be seen, regardless of level cues. Gain
decrements tend to yield higher thresholds, especially
when level cues are suppressed (with level cues: 6.75 dB,
without level cues: 12.5 dB).
A statistical analysis was performed by fitting a linear
mixed-effects model and analyzing that model using
an ANOVA. The analysis reveals a significant inter-
action between gain direction and normalization
(F(1.14)=14.252, p=0.002). Post-hoc t-tests with Bonfer-
roni correction reveal a significant effect of level cues for
gain decrements, as well as a significant difference
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Figure 4: Correct response rates at different gains introduced at 600 Hz in the noise stimulus presented as boxplots. In the
background, fitted Weibull functions and their 95% confidence intervals are drawn.

between thresholds for gain increments and decrements
when level cues are suppressed.

4 Discussion
In this study, perception thresholds and psychometric
functions for changes of gain in an individual two-octave-
wide frequency band weremeasured. A similar study has
been made by Caswell-Midwinter & Whitmer, who mea-
sured JNDs for gain changes in octave- and two-octave-
bands centered around 0.25, 1, and 4 kHz in speech [8],
as well as in octave-bands in speech-shaped noise [7].
An immediate comparison of the results needs to be ap-
proached with caution: First, the change in overall level
was compensated in the present study, which Caswell-
Midwinter & Whitmer did not do. But an exemplary
measurement (see Sec. 3.2) shows no effect of level cue
compensation for gain increments. Second, the threshold
definition by Caswell-Midwinter &Whitmer (d’=1) differed
from that in the present study (d’=1.24). However, based
on an exemplarily measured psychometric function (see
Figure 4), deviations caused by this difference are around
0.5 dB, which can be considered negligible. For gain in-
crements, it is therefore assumed that the studies are
sufficiently comparable.
For gain increments in the sentence stimulus, thresholds
between 4.4 and 6.5 dB were measured, which is in line
with the results by Caswell-Midwinter & Whitmer, who
found JNDs between 3.7 and 6.8 dB for dual-octave-
bands [8]. Their measured JNDs were significantly higher
in the highest frequency band. A similar tendency (al-
though not significant) could be seen here.
Thresholds for the word stimulus exceed those of the
sentence stimulus significantly. While informal reports
from pilot-participants had suggested the duration of the
sentence stimulus as a complicating factor due to limited
auditory memory, this assumption cannot be confirmed
by the complete data set. Instead, the increased

thresholds suggest that the short word stimulus did not
provide sufficient information to the listener.
Thresholds for gain increments in the noise stimulus are
in a similar range as for the sentence stimulus, with me-
dian thresholds between 3.6 and 6.3 dB. In the studies
by Caswell-Midwinter & Whitmer, JNDs for octave-band
gain increments in speech-shaped noise (2.8 dB, [7])
were lower than for the corresponding octave-band incre-
ments in speech (6.3–9.6 dB, [8]), suggesting that gain
increments are more easily perceivable in stationary
compared to spectrotemporally modulated stimuli. This
effect cannot be observed between sentence and white
noise stimuli in the present study, suggesting that the
different energy distribution in the white noise has a
detrimental effect on discrimination ability, which is
counteracting the effect of stationarity. Energy in white
noise is more widely distributed, such that more energet-
ically-relevant distracting frequency bands exist.
The discrimination of changes in spectrumwithout access
to level cues is referred to as profile analysis. Experiments
usually assess discrimination of changes in one of mul-
tiple sinusoidal components in a tone complex. For a tone
complex with densely spaced components, thresholds
are around a 3 dB increment of the target component
[5], which is close to the lowest thresholds measured
here. Thresholds increase by about 2 dB when the target
signal moves towards the edges of the tone complex [5],
which fits together with results from the present study,
where thresholds in speech increase towards the upper
end of the speech frequency range. While the stimuli and
increments used in this study differ from the classic pro-
file analysis experiments, the similarity in thresholds and
parameter dependency suggests that similar perceptual
mechanisms are relevant. Relative changes of the gains
are likely compared over a wide frequency range, rather
than focusing on absolute changes in adjacent compo-
nents.
Relative to thresholds for level increments, thresholds
for decrements are higher by about 6 dB for detection of
notches (with level cues) [6], and by about 1–2 dB in
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profile analysis tasks [9]. In the present study, no consis-
tent effect of gain decrements relative to gain increments
could be observed. In the noise stimulus, thresholds for
gain decrements are very similar to those for gain incre-
ments with deviations up to 1 dB. This is in a similar range
as the effect observed for profile analysis thresholds. In
the speech stimulus, gain decrements are sometimes
harder (600 Hz) and sometimes easier (4,800 Hz) to
perceive than gain increments. It needs to be noted that
a difference between increments and decrements were
not found when level cues remained intact (in the exem-
plary conditionmeasured with and without normalization;
see Figure 3). It therefore seems possible that the ob-
served effects of gain decrements are a consequence of
the introduced level normalization.
Caswell-Midwinter & Whitmer were unable to measure
thresholds for gain decrements relative to the baseline
frequency response, due to issues with the procedure
not converging or yielding large errors for many parti-
cipants [7]. That thresholds for gain decrements could
be measured in the present study is likely a result of the
level normalization. Perceivable cues are dominated by
the relative gain change between neighboring frequency
bands, which is the same for gain increments and
decrements, rather than absolute changes. This idea is
supported by the fact that thresholds for gain decrements
in profile analysis are barely higher than those for gain
increments [9].

5 Conclusion
In this study, perception thresholds for frequency-band-
specific gain changes were measured in normal-hearing
participants. Median thresholds for gain increments are
in the range between 3.5 and 6.5 dB for most conditions
and depend on stimulus and frequency band in a non-
trivial way.
Thresholds seen in the sentence stimulus are consistent
with results from Caswell-Midwinter & Whitmer [8].
Thresholds for the white noise stimulus have no immedi-
ate equivalent in literature. They are larger than
thresholds seen by Caswell-Midwinter & Whitmer in
speech-shaped noise, likely due to a less beneficial energy
distribution. The single-word stimulus yields substantially
larger thresholds, suggesting that participants could not
extract sufficient information from this shorter speech
stimulus.
Gain increments and decrements yield different
thresholds only in the speech stimuli, which may be re-
lated to the applied normalization of presentation levels.
For many conditions, thresholds and their dependencies
show similarities to those seen for profile detection exper-
iments, suggesting similar perceptual mechanisms are
at play (i.e., comparing gains across a wide frequency
range, rather than focusing on global or local absolute
changes).

Notes

Conference presentation

This contribution was presented at the 28th Annual Con-
ference of the German Society of Audiology and published
as an abstract [13].
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