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PITCH AND THE NARROWED AUTOCOINCIDENCE HISTOGRAM.
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This paperis structuredin three parts. In the first is outlined a model of pitch
perceptionbasedon the autocoincidencehistogram of auditory nerve fiber spike
patterns. Theecondshowsthatthe basicAC modelis insufficientto accountfor the
discrimination thresholds of pure tones, and introduce%idweowed"autocoincidence
(NAC) histogram. The third explores the NAC model in relation to complex tone pitch .

THE AUTOCOINCIDENCEHISTOGRAM PITCH MODEL

The AC model supposes that the discharge pattern for each fitperugrof fibers
is processedo form an autocoincidencéhistogram (also called autocorrelogranor
autocorrelationhistogram). The AC histogram counts intervals between spikes,
consecutive or not, and differs thus from thmore familiar ISI (interspikeinterval) that
countsintervals betweenconsecutive spikesonly. For a periodic stimulus,the AC
histogram shows a clear peak at the period and its multiples (fig. 1).
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Fig. 1: AC histogramsfor sine tone (a) and complex tone (b). ~ These histograms were
complex tone with harmonics 3 to 6 (b)Spike" calculated from the same modspike" dataasin
trains are producedby a model (inhomogenous fig. 1 (a) and (b) respectivelyNarrowing orderis
Poissonprocesswith refractorinessand gaussian 10.
jitter). See Evans (1986) for examplesof AC
histograms from real nerve-fiber data.

Physiologically,the AC histogram could be calculatedby a neural network
comprisingdelay-linesand coincidencesummingneurons,similar to that invoked for
soundlocalization(Yin andChan1988). The fibers from the cochleawould feed an
array of histograms,forming a pattern of activity over two dimensions:lag and
tono—topy. For a periodic stimulus, the patternwould show a ridge spanningthe
tonotopic dimensionat a lag equal to the period (whetheror not componentsare
resolved).

For some stimuli the ridge may be unambiguous.For others (filtered noise,
inharmonic stimuli, etc.), the ridge may be blunsballow, or its position may not be
quite the samefor different channelsor there may be severalcompetingridges at
different lags. According to whether we require iiteh cueto be a single clearridge,
or allow it to be local to a tonotopic or lag region, gz choosebetweena precisebut
rigid model, or one thatis more vaguebut that can accountfor imprecise,weak or
ambiguous pitch, and the effects of attention. The underlying mechanism is the same.

The autocoincidence modatcountsicely for a wide rangeof pitch phenomena,
including effects often opposedto temporalmodels(such as phaseeffects). It was
originally proposedby Licklider (1959), but it hasreceivedrelatively little attention
since then. Moore (1982) andn Noorden(1982) proposedsimilar modelsbasedon
the ISI histogram. The ISlistogramis howeverlessrealisticthanthe AC histogram,
and breaks down at low frequencies (de Cheveigné 1989).

PURE TONE PITCH JNDS~ THE NARROWEDAUTOCOINCIDENCEHISTOGRAM

The AC model accountswell for many aspectsof pitch. However, it is
unsatisfactoryn at leastone respectthe peakcorrespondingo the periodin the AC
histogramfor a pure tone (fig. 1a) is ratherwide. How can one accountfor the

precision with which pure tone frequency can be discriminai#< 0.2%) ?
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The cue to pitch ishe position of the histogrampeak,which is uncertainbecause
of the statistical nature of the histograincanbe shown (de Cheveignél989)that the

standard deviatiog of the peak position is given by:
or = 0.12 RY4Dg) /4 (1)

where R is thalischargeratein spikes/s,D the stimulusduration(in s), ande the bin
width of the histogram (the coefficient was obtainedimgulation). The predictedjust-
noticeabledifference (jnd) of a pure tone as a function of duration (assumingthat
spikesfrom all fibers are pooledbeforethe histogramcalculation)is plottedin fig. 3,
along with discrimination data replottédm Moore (1973). Thefirst thing to remark
is that the predicted jnd is up an orderof magnitudetoo large. The seconds thatit

variesas D-1/4, whereasMoore'sdatais betterdescribedoy D-1 at low frequencies.

There is thus a discrepancy between the model's predictions and psychophysical data.
The basicAC histogramis similar in shapeto the autocorrelationof the rectified

basilarmembranamotion. Recently,Brown and Puckette(1989) proposeda method

for improving the resolution of the autocorrelationfunction, for musical pitch

extraction. The "narrowed" autocorrelation functiqif@y can be defined as:

N-1
o = Y (N-K) glkr) @)
k=1

where g¢t) is the ordinary autocorrelation, and N a narrowing factor.

It turns out that one can similarly construct a narrosgdcoincidence histogram,
by counting,for everylag, the spikeintervalsthat areits multiples, and summingup
the counts using the same coefficients as in edt#siologically,this resultcould be
obtained with a set of summing neurons, eawdconnectedo equally spacedoutputs
of the AC network mentioned above.
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Fig. 3: Dotted-line: just-noticeable differenice Fig. 4: Just noticeabledifferencein pure tone
pure tone frequencgredictedby the AC model. frequency predictetly the NAC model. Dotted

Continuouslines: discrimination data replotted lines representhypothetical limits to perfor-
from Moore (1973). Datafor frequenciesabove mance: complexity (N) and delay line lend)
2 kHz are not included. (shown here with arbitrary values).

Fig. 2ashowsan NAC histogramin responseo a puretone,with N = 10. For

large N, the width of thpeakvariesasN-1, andso it canbe madearbitrarily narrow.
For time-limited stimuli, however, there is a limit to the length of intervalstiaefore

alimit to the allowablenarrowing factor. This implies a (duration)! dependencyof
resolution, which is precisely the trend of Moore's data. 4ghowshow this model
predicts the jnd of pure tones as a functiodwfation. One canseethatthe slopeand
spacingof the curvesareremarkablysimilar to Moore's dataat low frequenciesand
short durations (fig. 3).

For stimuli that are naime-limited, one canexpecttwo otherfactorsto intervene
to limit performance: maximum delay-line length (Rind maximumcomplexity (N) of
the narrowing circuit. There %o kink in the 250 Hz curvein fig. 3, soit seemdhat
duration is not a limiting factor in Moore's data. The dependency on durationdatfis
is overall flatter than predictedby the model, particularly at 2 kHz and higher (not
plotted). A possible explanation is that jitter occurs inahieductionvelocity of delay-
line nerve fibers. Thisvould introducean error in the interval estimationproportional
to (interval}t/2, therebyreducingthe contribution of longer intervals to narrowing,
especially at high frequencies.

In simulations the narrowingmechanismosesits effectivenessabove2-3 kHz;
above 5 kHz the AC histogram itself becomes flat.

THE NAC MODEL AND COMPLEX STIMULI .

The basic AC model is adequateto explain many aspectsof pitch perception
without the needfor narrowing.Narrowingis bestseenasa sort of post-processing,
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introduced to account for discrimination of pure tonekweverit is of interestto see
how the mechanism behaves in response to complex tones.

Fig. 2b shows an NAC histogram (order 10) for a complex stimulus. The
histogramcontainssecondarypeakssituatedat lag valuesof the form n/mT, wheren
andm areintegers(m = 1,...,N, andn arbitrary). This is understandablevhen one
considersthat the NAC is constructedby a superpositionof AC histogramsshrunk
along the lag axis (for purenesthesepeaksare not visible becausehe AC peaksare
wider and tend to cancel each other when the histograms are added).

This peculiar pattern implies that two complex stimuli with fundamental
frequenciesin a simple ratio give rise to NAC histogramswith many peaksin
correspondenceThe closestmatchis for the octave,followed by the fifth and other
ratios, which could possiblyexplainthe specialimportanceof integerratios in music
and pschophysics. Such an explanation resembles in form the classitalolving a
correspondencéetweenharmonics,howeverhere we do not requiretwo stimuli to
sharecommon components. The only requirementis that the peaksin the AC
histogrambe sharpenoughso that they standout in the NAC histogram. This is
sometimeshe casefor puretones,whenfiring is localizedwithin the stimulus cycle
(Ruggero and Rich 1983).

CONCLUSION

The AC histogram and its extension, the NAC histogram, proviziesesfor pitch
perception that is physiologically realistic, sufficiently rich dledible to accommodate
a wide range of phenomerand yet preciseenoughto be confrontedwith quantitative
data.
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