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Abstract Recent advances in auditory research suggest that gamma-band synchronization of frequency-specific cortical loci 

could be responsible for the integration of pure tones (harmonics) into harmonic complex tones. Thus far, evidence for such a 

mechanism has been revealed in neurophysiological studies, with little corroborative behavioral data. Using psychophysical 

techniques, we observed a rate- and time- specific response-time (RT) advantage for a sequence of target pips when the 

defining frequency of the target was a fractional multiple of an entrainer frequency. The effect was only observed when 

entrainer and target tone-pip sequences were presented at 33 pips per second (pps) and when the inter-stimulus interval (ISI) 

was approximately 100 milliseconds (ms). This evidence implicates the oscillatory gamma-band activity in the representation 

of harmonic complex tones and suggests that synchronization with precise temporal characteristics is important for their 

integration. A model is presented, which accounts for these findings in terms of fast resynchronization of relevant neuronal 

assemblies. 
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1. Introduction 
One of the important issues in auditory research 

concerns perceptual integration of spectral components of 

complex tones or harmonics, which represent the basis for 

speech and music perception. While several spectral 

components coexist within the harmonic series of a 

complex tone, the product of their grouping is a 

distinctive percept defined by a single dominant pitch. 

This “virtual” pitch is generally unaffected by the absence 

of the fundamental frequency from the stimulus spectrum 

[1]. Separate spectral pitches may be “heard out” when 

conscious effort is made to analyze the complex tone [2]. 

The dissociation between analytic and synthetic modes of 

perception also characterizes the processing of “illusory” 

visual percepts, such as Kanizsa figures [3]. Although the 

features of a Kanizsa figure are available to conscious 

inspection, the spontaneous impression is of a square or a 

triangle, contour discontinuities notwithstanding.  

According to recent findings, synchronization of 

neuronal activity could play a crucial role in the 

perceptual integration, or binding, of harmonics into 

complex tones. Synchronization in the auditory cortex 

manifests itself as the auditory gamma-band response 

(GBR) that shows peaks in the brain magnetic field 

between 30 and 33 Hz [4]. Some authors [5] have linked 

the GBR with the integration of harmonics into complex 

tones. 

Generally, auditory gamma-band 

synchronization occurs at frequencies lower than the 

universally cited 40 Hz [6, 7]. Psychophysical research 

suggests that temporal quantization of perceptual events 

occurs in packets of around 30 msec duration (i.e., 33 Hz 

[8, 9]). In addition, task-specific 33-Hz oscillations have 

been observed in auditory reaction times [10]. On these 

grounds, it was hypothesized that the entrainment of 

frequency-specific neuronal assemblies in the lower 

gamma range (around 33 Hz) would co-activate the 

harmonically related assemblies [11]. Recently, 

anatomical evidence has been obtained for long-range 

plastic connections between harmonically related loci in 

the mammalian primary auditory cortex [12].  

 Consequently, detection mechanisms would 

differentiate between targets carrying fractional 

(inharmonic) and integral (harmonic) multiples of tones  

 



  
 

 

 

 

 

 

 

 

 

 

 

presented in an entrainer stimulus (Figure 1). If the time 

required for stimulus identification depended on the 

coherence of the competing stimulus, inharmonic targets 

should be identified rapidly relative to harmonic targets, 

since the latter would require additional analysis and/or 

extraction from the persisting neuronal representation of 

the harmonic series induced by the entrainer. This 

processing cost could be described as analogous to the 

cost incurred in the extraction of features embedded in a 

visual Gestalt. 

 

2. Experimental Evidence 
Three principal patterns of effects emerged from 

the results of Experiment 1. Firstly, compared to the 

inharmonic target (ITP) stimuli, the harmonic target 

(HTP) stimuli were significantly more often confused 

with target-absent (TA) stimuli. The high error rate 

associated with HTP responses was consistent with the 

well-documented difficulty in discriminating octaves (the 

octave equivalence phenomenon; See e.g. [13]). Secondly, 

a quasi-sinusoidal pattern in the HTP RTs (with maxima 

at 32 and 36 Hz) suggested that detection of the HTP 

stimuli was sensitive to the position of the deviant pip in 

the repeating 4 tone-pip sequence relative to the offset of 

the entrainer.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The spectral decomposition of stimuli used in Experiment 1. Illustrated stimuli presented at 33 pps. 

Both panels, left: An entrainer stimulus comprising a repeating sequence of 4 pips which carry 500 Hz, with the 

fourth pip (deviant) carrying 1000 Hz (see inset). In panel A, the entrainer is followed by an inter-stimulus interval 

(ISI) of 100 ms and a target-absent (TA) stimulus comprising only 1000-Hz pips. Panel B shows the entrainer 

followed by the same ISI and an inharmonic target-present (ITP) stimulus, which consists of a repeating 4-pip 

sequence carrying 1000 Hz, with every fourth pip carrying 2400 Hz. In the harmonic target-present condition (HTP; 

not shown) every fourth pip carried 2000 Hz. Inset: Two tone pips carrying 500 Hz and 1000 Hz respectively.  The 

duration of the pips was 30.3 ms and the plateau was 33% of the overall duration. 

RTs were slowed down at rates at which the offset of the 

entrainer was in phase with the slow rhythm imposed by 

the deviant (one quarter of the stimulus presentation rate). 

The difference in the height of the peaks was consistent 

with the interaction between the deviant-entrainer offset 

and deviant–target onset functions. Elsewhere, it has been 

suggested that this type of RT effect could reflect the 

resonance in processing mechanisms induced by periodic 

stimuli [14]. By contrast, the pattern of ITP responses 

showed no dependence on the periodic structure of the 

entrainer. Thirdly and most importantly, a significant 

advantage for ITP stimuli was observed at 33 pps but not 

at other rates (Figure 2A; Asterisk).  

Despite the observed rate-specific advantage for 

ITP stimuli, the subjects could have based their responses 

on an audible interaction between presentation rate and 

target frequency. In other words, it was not clear whether 

the entrainer was responsible for the observed effect. In a 

second experiment, the temporal relationship between the 

entrainer and the target was examined by focusing on the 

ISIs from 0 – 106 ms, varied in 15-ms increments. If the 

inharmonic RT advantage were due to the perceptual 

characteristics of the target, no particular ISI should be 

favored. By contrast, an interval-specific effect would 

indicate that the entrainer was necessary for the effect to 

occur. The main finding was a significant inharmonic  

 



  
 

 

 

 

 

 

 

 

advantage at 106 ms ISI (Figure 2B; Asterisk) with no 

effects at other intervals. Consequently, the rate-specific 

inharmonic advantage observed in Experiment 1 was due 

to the presence of the entrainer. 

 

3. Model 
The results of Experiment 2 allowed a more 

stringent specification of the underlying mechanism(s). 

The rhythmic structure of the entrainer induced a global 

steady state deriving from temporal superposition of 

consecutive transient oscillations. However, the 

synchrony pattern was modulated by the presence of two 

similar but distinct harmonic series involved in the 

encoding of the entrainer. The 500-Hz harmonic series 

includes most of the harmonics of the 1000-Hz series, but 

the opposite is not the case (Figure 3). Whereas the 

activation of the 500-Hz harmonic assembly leads to the 

co-activation of at least some parts of the 1000-Hz 

template, the activation of the 1000-Hz template by the 

deviant must lead to the desynchronization of the 500-Hz 

activity as a unique 1000-Hz representation needs to be 

extracted from the active 500-Hz template. The disruption 

of the 500-Hz synchrony results in a re-synchronization 

cycle that ends with the onset of the next deviant. There 

is reliable electrophysiological evidence for a mechanism 

for early change detection in audition. According to some 

research [15], mismatch negativity (MMN) is evoked by 

an infrequently presented stimulus ("deviant"), differing 

from the frequently occurring stimuli  

 

 

 

 

 

 

 

Figure 2. (A) Results of Experiment 1. Mean HTP (filled) and ITP RTs and 99% confidence intervals plotted 

against presentation rate. A significant difference was observed only at 33 pps (p < .0001; asterisk). (B) Results of 

Experiment 2. Mean HTP (filled) and ITP RTs and 95% confidence intervals plotted against ISI. A significant 

difference was observed only at 106 ms ISI (p < .0001; asterisk). 

("standards") in one or several physical parameters such 

as duration, intensity, or frequency. The MMN could be 

related to the desynchronization of active representations 

in the presence of novel stimuli.  

 

The virtual 1000-Hz representation was 

cyclically refreshed by the deviant pips and maintained by 

the 500-Hz standards. The sinusoid-like modulation of 

HTP RTs observed in Experiment 1 suggested that the 

virtual harmonic representation of the 1000-Hz series was 

quantized into cycles delimited by successive deviants.  

If a harmonic target (HTP) was locked into the rhythm 

imposed by the entrainer, the discrimination between 

harmonically related target present/absent (i.e. TA and 

HTP) stimuli became more difficult. This effect should be 

contrasted with the fast re-synchronization cycle of the 

1000-Hz harmonic representation, which was regularly 

reset by the deviant. Experiment 1 showed that the 

discrimination between harmonic and inharmonic targets 

was facilitated at 33 pps and that the effect reached 

significance at ~ 100 ms ISI. The inspection of individual 

data showed that out of 16 subjects, two showed a 

maximum enhancement at 30 pps, five at 32, six at 33 pps 

and three at 34 pps. One subject’s maximum enhancement 

was at 37 pps. Figure 4 shows a possible model of fast 

cumulative entrainment of the 1000-Hz representation, 

reset by the deviants. The successive 500-Hz pips 

increase the synchrony between the loci coding the 

1000-Hz representation. The maximum coherence value is  

 



  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

reached at the time of the onset of the deviant. The 

coherence pattern persists after the offset of the entrainer. 

If the inharmonic target falls within the coherence 

window created by the structure of the entrainer, the 

harmonic gestalt is strengthened to the extent that 

discrimination between harmonic and inharmonic targets 

is facilitated beyond the degree achieved through  

 

 

 

 

 

 

Figure 3. The asymmetric activation pattern for two overlapping harmonic templates. Left, a 500-Hz pip activates 

the 500-Hz template, which includes components of the 1000-Hz series.  Right: A 1000-Hz deviant activates only 

the 1000-Hz template. To be encoded as a distinct percept, a 1000-Hz tone must inhibit the 500-Hz 

template-specific activity (shaded). 

 

 

 

 

 

 

 

 

 

 

Figure 4. Temporal effects of fast re-synchronization: lower panel: The horizontal axis represents the 

entrainer-target ISI. Waveforms represent the residual oscillatory activity following an entrainer presented at 33 

pps. The straight segment at the beginning of each waveform represents a fixed onset delay of 10-15 ms. The 

deviant-induced oscillation (thick curve) is out of phase with the preceding standard-induced oscillations, reflecting 

a temporary disruption of the fast cycle by the deviant. Upper panel: Oscillatory coherence of the residual 

oscillations as a function of ISI. The phase interaction of successive oscillations creates coherence windows 

centered at approximately 100 ms and 250 ms ISI. (The presence of the second window was confirmed by three 

experiments not reported here).  Synchronous activity induced by sub-optimal presentation rates fails to reach the 

threshold.  

 

perceptual confusability of TA and HTP stimuli. The 

novel factor is the increased salience of the inharmonic 

target (as opposed to the reduced salience of the harmonic 

target, responsible for the modulation in HTP RTs.  The 

upper panel of Figure 4 demonstrates the decay of the 

synchrony pattern and the accompanying change in the 

shape of the coherence window. The optimal 

 



  
 

 

synchronization frequency appears to lie around 33 Hz, 

supporting the available physiological and psychophysical 

evidence. 

  

4. Conclusions 
These experiments provide psychophysical 

evidence for rate-specific discrimination between tones 

according to their harmonicity.  They agree with the 

available neurophysiological hypotheses linking 

synchronized gamma-band activity and the integration of 

complex tones. The mechanism involved in the 

integration of harmonic complex tones appears to involve 

fast synchronization of harmonic templates at 

approximately 33 Hz. It takes approximately 100 ms (or 

longer) for the oscillatory representation to reach the 

suprathreshold level of activation at which it can be 

discriminated from a distinct harmonic representation.  

More generally, psychophysical evidence for a similar 

mechanism in visual binding supports the notion of 

gamma-band synchronization as a supra-modal correlate 

of feature integration [16].  
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