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Introduction
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• Pitch can be extracted via the rate-place code: by comparing average 
neural firing rates along the tonotopic axis

• For spectrally dense stimuli such as chords, rate-place information is 
limited, but some pitch perception tasks remain feasible (Graves & 
Oxenham, 2019; Guest & Oxenham, 2022)

• When perceiving pitch in chords, are listeners relying on residual rate-
place cues to perceive chords, or turning to other cues?

• We used an established model to simulate auditory nerve firing (Zilany, 
Bruce, & Carney, 2014) and generate model metamers: stimuli that are 
physically distinct from each other, but with matching model outputs. 
Metamers were matched for rate-place cues, but otherwise unconstrained

• If the modeled rate-place representation is sufficient to extract pitch, 
performance on pitch perception tasks should be equivalent for metamers

• Any differences in pitch perception between original stimuli and their 
metamers may be down to cues other than the rate-place code

Methods

Results: Behavior

Results: Modeling
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UP or DOWN?

UP-UP or DOWN-DOWN?

MAJOR or MINOR?

SAME or DIFFERENT?

• Preliminary modeling results: metamers preserved all rate-place 
information, but the amount of preserved timing information varied 
by condition for both fluctuations and autocorrelation models.

• Preliminary behavioral results: rate-place metamerization faithfully 
preserved the cues needed for pitch perception in most conditions

• Pattern of preserved timing information does not seem to explain 
pattern of behavioral differences between ORIG and META

• Overall, the results suggest that pitch perception depends mostly 
on rate-place information, even for spectrally dense stimuli like 
mixtures of three F0s, where the rate-place code is degraded
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TASK 1: F0DLs for single F0

TASK 2: F0DLs masked with triads

TASK 3: Chord identification

TASK 4: Harmony discrimination

• n = 11 (target n = 20)
• Results for ORIG replicate Mehta & 

Oxenham (2022), with low F0DLs for 
resolved high-F0 tones

• In resolved (low N) conditions, META 
performance matches ORIG

• Elevated F0DLs for META in unresolved 
(high N) conditions
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• F0 can be estimated by autocorrelating AN response at each CF and summing
• This cue degrades sharply at high frequencies due to the limit of phase locking
• Cue strength = rms (F01 – F02). For comparison, rms (Noise 1 – Noise 2) is plotted
• Metamers preserved autocorrelation cues except for low-F0 unresolved stimuli

• Indexing the strength of the rate-place cue for pitch: measure AN responses to two 
F0s one semitone apart & compare responses against responses to noise

• Cue strength = rms (F01 – F02) ÷ rms (Noise 1 – Noise 2)
• Metamers were deliberately matched to original stimuli on this dimension, thus 

unsurprisingly they covary with original stimuli for this cue

• Firing patterns are steady at component CFs, but fluctuate between components
• Fluctuation index: standard deviation of envelope for AN response at each CF (after 

Vecchi et al., 2022), using LSR fibers, normalized by mean firing rate
• Cue strength = rms (F01 – F02) ÷ rms (Noise 1 – Noise 2)
• Metamers show weaker fluctuation cues than original stimuli at low frequencies
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• Metamers were generated for harmonic complex tones (HCT) 
at a range of F0s and spectral regions, as well as for triads, 
mixtures of three simultaneous HCTs with different F0s.

• Normal-hearing human 
listeners under 25

• Screened for hi-
frequency hearing and 
trained on 4 pitch tasks

• After training, main test 
on 4 tasks, conditions in 
random order.

• In middle F0 range, F0DLs are low despite 
poor resolvability

• Performance nearly matched for META

• n = 11 
(target 
n = 20)

• n = 8 (target n = 20)
• Requires listener 

familiarity with chord 
labels from Western 
music theory

• Relevant difference is 
1 semitone

• ORIG replicates 
Graves & Oxenham 
(2019)

• n = 5 (target n = 20)
• No knowledge of chord labels required
• Contour is preserved, difference is 

always 1 semitone in any of 3 notes
• Challenging due to STM constraints
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ORIG:
• Harmonic complex tones at 45 dB/component
• TEN at 35 dB/ERB (+ TEN at 40 dB/ERB below cutoff)
META:
• Gaussian noise matching broad spectral envelope of ORIG
• Measure auditory nerve average rate (ANAR) response to ORIG
• ANAR was modeled using human tuning and LSR fibers to 

maximize potential rate-place information in the response
• Multiply noise FFT spectrum by ANAR difference (ORIG-NOISE)
• Measure ANAR to new sound (META, 1st iteration)
• Iterate 50 times, choose minimum ANAR distance (final META)
• Final META stimuli had ANAR within ± 1 spike/s of ORIG
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