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ABSTRACT

Studies on loudness judgments for time-varying sounds
consistently show a primacy effect: The beginning of a
sound is more important for the judgment of its overall
loudness than later temporal parts. The mechanisms that
were proposed as an explanation of this pattern of temporal
loudness weights encompass a wide range of concepts.
Ordering the proposed explanations from early auditory
mechanisms to supra-modal cognitive processes, the
primacy effect has been linked to a) the onset peak of
auditory nerve fibers, b) effects of non-simultaneous
masking on auditory intensity resolution, c¢) capture of
auditory attention to the sound onset, d) temporal
integration of evidence at a decisional stage (sequential
sampling), and e) serial position effects in a memory
system. This talk discusses each of the alternative concepts
in the light of the available data, and identifies gaps in the
literature that need to be filled in order to decide between
the alternatives. Also, the predictions of current loudness
models concerning temporal weights are evaluated.

1. TEMPORAL WEIGHTS IN LOUDNESS
JUDGMENTS

Because loudness is one of the fundamental aspects of
auditory sensation and is important when it comes to the
perception of our environment through the auditory
channel, extensive research on steady-state sounds has
been done in the past and loudness models are available
that account for a large proportion of the psychoacoustic
data [1-3]. However, a substantial number of studies
showed that not all temporal parts of a sound are weighted
equally when listeners judge loudness, and that the
perception of time-varying sounds can thus not be fully
accounted for by static loudness models [4, 5]. The
reported perceptual weights assigned to the different
temporal parts of a sound show consistently that the
beginning of a time-varying sound is of higher importance
for the perception of loudness of the sound as a whole
("global loudness") than later temporal parts [e.g., 6-9, 10],
which has been referred to as a primacy effect (for an
overview, see [11]). The primacy effect can be described
by an exponential decay function with a time-constant of
about 200-300 ms [11, 12]. Across experiments, the
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temporal weight at the beginning of the sound is 4 to 5
times higher than the asymptotic weight, and the weight
assigned to a temporal portion of a sound is the integral of
this function over the segment duration [12].

2. PROPOSED EXPLANATIONS

The mechanisms that were proposed as an explanation of
this pattern of temporal loudness weights encompass a
wide range of concepts. If we order the proposed
explanations from early auditory mechanisms to supra-
modal cognitive processes, the first potential origin of the
primacy effect, proposed in [10], is a) the onset peak in
the firing rate of auditory nerve (AN) fibers [13]. If
loudness is assumed to be related to the spike count elicited
by the sound [14], and the onset causes more neural
activity than later temporal parts, this could explain a
higher loudness weight on the sound onset. As the inner
hair cells that innervate the AN fibers are frequency
specific, the recovery of the firing rate is also frequency
specific [e.g., 15]. This is compatible with results
demonstrating that temporal loudness weights are applied
in a frequency-specific manner [16], and that when the
spectrum changes abruptly within a contiguous sound, a
second primacy effect is observed on the second sound part
[8]. However, because neurons with high spontaneous
rates (SR) show a fast recovery, so that the onset peak
occurs after silent inter-stimulus intervals of only a few
milliseconds [15], the observation that the primacy effect
in loudness judgments shows full recovery only after silent
gaps of about 350 ms or more [17] seems, at first sight, to
be at odds with this explanation. Yet, low-SR neurons
exhibit a considerably slower recovery of the onset peak
[18, 19], thus one could assume that the primacy effect is
primarily driven by these neurons. Another result that is
not easily accounted for by the onset peak in AN fibers is
that varying the mean sound level from just above
detection threshold to higher levels, or presenting to-be-
judged sound in a continuous background noise has almost
no effect on the temporal weights [20], while the AN
responses are strongly influenced by sound level and
simultaneous masking. On a more general level, the
neuronal auditory pathway is quite complex and involves
different types of neurons as well as efferent and afferent
loops. Additional research based on predictions from
computational auditory models is thus needed to evaluate
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more exactly the extent to which processes in the auditory
periphery might to the primacy effect in loudness weights.
Second, b) effects of non-simultaneous masking on
auditory intensity resolution were proposed as a
potential origin of the primacy effect in loudness
judgments [21]. The intensity resolution for a sound can be
severely impaired by more intense sounds presented
shortly before the to-be-judged sound [e.g., 22, 23]. For a
level fluctuating sound, the probability that a given
temporal segment is forward-masked by a temporal
segment higher in level increases with the number of
segments that precede the actual portion. Therefore, on
average, the intensity resolution for later temporal parts of
a sound might be reduced relative to earlier parts. If now
the listeners follow an "ideal observer" strategy of placing
higher weights on temporal portions of a sound for which
the intensity resolution is high [24, 21], this would result
in higher weights assigned to the beginning of the sound.
As the masking effect on intensity resolution is frequency-
specific [25], this explanation can account for
corresponding results [8, 16]. Also, the masking effect is
reduced when the inter-stimulus interval between masker
and target sound increases [25], compatible with the
recovery of the primacy effect [17]. In addition, the
observation that stimulus components with, on average,
higher loudness than the remaining components receive
higher weights ("loudness dominance") [26-28] is
compatible with this explanation, because sound parts
higher in level can have a masking effect on weaker
elements, but not vice versa [23]. However, a serious
limitation of this account is that sounds presented affer
rather than before a target sound can also reduce the
intensity resolution [29, 30]. Using the same rationale as
for forward masking, backward masking effects would
result in the opposite temporal weighting pattern compared
to forward masking effects, with pronounced recency
effects (i.e., higher weights at the end of a sound) and lower
weights at the onset of the sound, because the probability
that a segment is followed by a segment higher in level
decreases with the serial position of the segment within the
sound. While one study reported the backward masking
effects to level off more quickly than forward masking
when the masker-target interval became longer [29],
additional experiments are required. In particular, it
remains to be determined whether the asymmetry between
forward and backward masking effects is in fact sufficient
to explain the consistent observation of a consistent
primacy effect, rather than a recency effect, in temporal
loudness weights.

Third, as proposed in [10], the primacy effect might
originate from ¢) an attention orientation response [31-
33] to the sound onset, in the sense that the sound onset
captures the attention [34]. Higher attention assigned to the
beginning rather than to later parts of the sounds
corresponds to higher perceptual weights at sound onset
[35]. However, the data in [6] show that sounds starting
with a gradual increase in level across the first few hundred
milliseconds (i.e. "fade-in") lead to a "delayed primacy
effect", in the sense of a high weight on the first
unattenuated temporal segment. This is incompatible with
the attentional explanation, because the gradual increase in
level should have reduced the perceived abruptness of
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sound onset and, as a consequence, the capture of attention
[36, 37]. Related, presenting the to-be-judged sounds only
a few dB above the detection threshold in a continuous
background noise, which should also reduce the perceived
abruptness of the target sound onset, did not result in a
substantial reduction in the primacy effect [16]. Thus,
attentional capture cannot fully account for primacy
effects in loudness judgments, although some aspects like
the effect of a sudden change in sound spectrum [8] or the
effect of silent gaps within the sound [17] are compatible
with this explanation.

Fourth, the primacy effect might represent a decisional
rather than a sensory effect. As proposed in [20], it might
be the result of d) an '"evidence integration" or
"sequential sampling" process in which evidence for one
of the two possible alternatives (e.g., is the sound louder
or softer than previous sound in the experimental block) is
collected sequentially during each trial and the decision is
made as soon as sufficient information has been
accumulated, ignoring further evidence during the trial
(e.g., [38, 39]). The reoccurrence of a primacy effect after
a silent gap [17] or after a sudden change in the frequency
spectrum [8] can be accounted for by assuming that the
sound parts before and after the gap, or before and after the
spectral change, are perceived as two separate sounds or
auditory objects rather than as one unitary sound. In this
case, listeners might make a separate judgment (i.e., start
separate evidence integration processes) of the loudness
for each of the two sound parts. Following the same line of
reasoning, if one assumes that a separate evidence
integration process is executed for each frequency band or
auditory stream, then frequency-specific weights are
predicted [16]. An interesting implication of such a
decisional account for the primacy effect is that similar
temporal weighting patterns should occur in different
sensory modalities, because the decision process is
supramodal. In fact, primacy effects have been reported for
visual motion perception [39] or brightness perception
[40], using time-varying stimuli as in the loudness
judgments tasks. In a recent study [41], we tested the
prediction based on this account of the primacy effect that
the temporal weights applied in 1) a loudness judgment
task for sounds varying in level across time, and 2) a
brightness judgment task for visual stimuli varying in
brightness across time should be similar (provided that the
temporal fluctuations and the difficulty of the tasks are
comparable), because both of them are due to the same
evidence integration process at a supra-modal decision
stage. The results showed a primacy effect in the loudness
judgments, but not in the brightness judgments, and thus
did not support the hypothesis. However, additional
research is needed in order to identify the extent to which
the deviation between the loudness and brightness weights
can be attributed to differences in sensory processing, such
as afterimage effects in the visual task.

Fifth, in [9] it was proposed that the primacy effect in
loudness judgments might represent e) a serial position
effect in a memory system. Primacy and recency effects
are ubiquitous in experiments on short-term memory [e.g.,
42, 43]. One could assume that the sequence of sound
segments of a time-varying sound is stored and processed
in a memory system exhibiting similar characteristics to
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verbal short-term memory. If this was the case, the
memory representation of the first few segments should be
more precise or easier accessible than for the remaining
segments, causing a primacy effect when listeners
combine the sequence of segment loudness representations
into a global loudness judgment for the sound as a whole.
However, in memory tasks, the primacy effects typically
encompass approximately the first 3-5 items in the list, and
are relatively independent of the item duration [42, 44]. Put
differently, the recognition accuracy is a function of the
relative position of the item within the list (e.g., first item
or middle item), roughly independent of the time delay
between list onset and item onset. Exactly the opposite
pattern is observed in temporal loudness weights, where
the weight assigned to a given temporal segment is
determined by the time delay between sound onset and
segment onset, roughly independent of the sound duration
[11]. In addition, the primacy effect in memory does not
decay within less than one second as it does for the
temporal loudness weights [12], and serial position curves
in memory often additionally show a clear recency effect,
or even only a recency but no primacy effect [e.g., 42, 45].
Thus, the primacy effect in loudness behaves very
differently than serial position effects in memory.

Finally, loudness models for dynamic, time-varying
sounds have been proposed [46-49], including temporal
integration stages. However, these models do not predict
the observed primacy effects in loudness judgments [50,
20, 51]. Therefore, first attempts were made to extend
existing models to account for the observed temporal
weighting [51].

3. CONCLUSION

Except for the explanations based on capture of attention
(c¢) and serial position effects in memory (e), all of the
other potential explanations of the primacy effect in
loudness judgments discussed above (a, b, and d) are
compatible with some important aspects of the data, while
none of them appears to be able to predict the entire pattern
of results on temporal loudness weights. Some aspects of
the results may already be understood based on auditory
nerve responses, but in our view, all aspects can only be
accounted for by assuming that higher-level processes also
contribute to loudness weights. Additional research is
needed to clarify which mechanism(s) underlie the
observed temporal loudness weights, as well as their
respective contribution.
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