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•Outline  
Why do we (and many other animals) have two ears? 
 
What are the major advantages? 
 
What is the observed behavior? 
 
How do we accomplish this physiologically? 
 
What happens with impairments/aids/implants? 



What are the major advantages of two ears? 

 
Redundancy 
 
Localization of sources 
 
Identifying room characteristics  
         (size, shape, wall reflectivity, and ???) 
 
 
The Cocktail Party Effect …  
   Renoir's “Luncheon of the Boating Party” 





•Localization Cues:     
•ITD: far ear delayed 
•ILD: far ear attenuated 
•Spectral Shapes 

•Sound Localization 
•Resolution from discrimination: 
~1 degree in horizontal plane 
~4 degrees in median sag. 
plane 
•Excellent pointing and 
identifying of directions 



Simplest Stimuli: Tones 
 

We define a pure tone (sinusoid) as: 
 

                 A cos(ω t + φ) 
 
 

where A is the amplitude, ω is the frequency, and 
φ is the phase of the pure tone. 
 

Compare to a few sketches 
 
 
 



Sinusoids  

From Schnupp et al., 2011 
Auditory Neuroscience: Making 
Sense of Sound 



•  

Tones are our basic stimulus type. 
 
They sound like pure pitches to most of us 
 
Lots of processes in hearing vary with frequency of the 
stimulus, and this makes us think of sounds in terms of 
the frequencies they contain. 
 
The analysis of signals (any waveform, including the 
pressure as a function of time) is often based on the 
frequency content. 
 
We characterize signals fundamentally in terms of the 
frequencies that they contain.  This is called Fourier 
analysis... 

Fourier analysis (1)  



•Sum of a few tones - Sketched 
 
•Wideband noise waveform - Sketched 
 
 
•Filtered wideband waveform - Sketched 
 Note effect of center frequency (“carrier frequency”) 
 Note effect of bandwidth of frequency content  
  (speed of envelope variations) 
•Acoustic “click” (impulse) – Next Slide 
 infinitely brief 
 finite area 
 a way of putting in energy to a system instantaneously 
 limit of a narrow pulse 
 
 

“Simple” combinations of frequencies 





If a sound contains lots of frequencies, the signals to the 
ears depend on each frequency being transmitted with its 
own characteristic attenuation. 
 
We can measure the transmission for each frequency f 
separately. Received signal strength for each f depends 
on the source location as well as the source material. 
 
The received signal provides information about where 
the source is located (in addition to interaural time and 
level differences) if we know the waveform. 
 
The next graph shows examples. 

Example of separate processing of tones  





•Individual Variation in HRTF 

•From Wightman and Kisler, 1989 



•Perceptual Significance of HRTFs? 

•Normal perception occurs with both ears 
 
•Ears ARE sensitive to phase, including interaural phase 
difference for a pure tone 
 
•Perceptual significance of HRTF (received spectral shape) 
depends on context 
 
•Headphone experiments can manipulate cues separately (and 
unnaturally). 



•Source-to-ear transformations: 

•Head-Related Transfer Function (HRTF): H(f,θ) 
Efficiency of transmission frequency by frequency 

 

•For source S(f) at position θ, the pressure spectra at the ears 
are given by                          

R(f) = Hr(f,θ)  S(f)  
L(f) = Hl(f,θ)  S(f) 

received pressures combine effects of source and left and 
right transfer functions Hx(f,θ)  
 

•Multiple sources sum pressures at each ear 



•Single-source conditions 

•Complex Interaural ratio independent of source spectrum, 
Left-Right Ratio (LRR) 
 

•LRR(f,θ) = L(f) / R(f) = HL(f,θ) / Hr(f,θ) 
 

•|LRR(f,θ)| = interaural level ratio 
 

•Angle[LRR(f,θ)] = interaural phase difference              
   [related to interaural time difference] 



•Lateralization wearing headphones 

•Lateral position judgements show increased 
laterality with ILDs and ITDs 
 

•Time and intensity differences can be traded 
against each other to generate position 
 

•Some unnatural combinations generate multiple 
images 
 

•Most images are perceived inside the head 



•Virtual Acoustic Sources 

•Reproduce acoustic waveforms in ear canals 
•Subject can hear source in original position 
 

•Significant individual differences 
 

•Perception assisted by reverberation and by 
appropriate motion-coupled stimulation 
 

•Can completely fool subjects, even without 
reverberation or head motion. 



Consider the dependence of these interaural 
differences on frequency. 
 

Consider how sensitive the system is … 
amazingly sensitive! 
 

Figure out how the physiology does it. What is the 
neural processing to get this information from the 
input signals. 

Return to specific binaural processing (ITD and ILD):  
Outline: 



Interaural Time Delay (ITD) 
•versus azimuth θ 

•Durlach and  
Colburn, 1978 



Interaural Time Difference 
•(Kuhn, 1980) 

•ITD versus frequency with azimuth as parameter 



•Interaural Level Difference (ILD) 
•ILD versus azimuth for two frequencies 
•Measurements and sphere calculations 



•Interaural Time Delay Resolution 

•How small a time delay between the ears is 
reliably detectable by a human listener? 
 

•Called a Just-Noticeable Difference in ITD 
 

•Best listeners can do better than 10 µs −− on 
the order of ten millionths of a second! 



Smallest Detectable Changes 



•  

If the system could estimate the ITD and the ILD 
for each frequency, it could figure out the location 
of a source. 
 

We will find mechanisms that could do this in the 
SOC (Superior Olivary Complex).  
 

We first review the processing of tones through 
the peripheral auditory system. 
 

Acoustics, Middle Ear, Cochlear filtering 
 

Auditory Nerve Responses 

Sound localization  



Outer Ear (beige), Middle Ear (pink), Inner Ear (Blue, cochlea) 



Middle Ear bones 

Cochlear 
spiral 

Vestibular and 
Auditory Nerves 

Semicircular  
Canals 

Stapedius muscle attaches to third bone (stapes) and 
contracts to decrease transmission 
May respond in anticipation of loud sounds 



Helmholtz Piano, 1873 

H.v.Helmholtz, 1862 

Thanks to Stefan Launer 



Middle Ear bones 

Cochlear 
spiral 

Vestibular and 
Auditory Nerves 

Semicircular  
Canals 

Stapedius muscle attaches to third bone (stapes) and 
contracts to decrease transmission 
May respond in anticipation of loud sounds 



Recordings from three individual 
auditory nerve fibers: 
With NO ACOUSTIC STIMULUS 



•Primary Auditory Nerve Patterns (Kiang, 1965) 

•Note the stochastic nature of the response 



•Nelson Kiang, 
auditory 
physiologist 



Rate-intensity function for auditory nerve fiber 



Explanation of auditory nerve tuning curves 



Auditory Nerve Tuning Curves:  
Level required for detectable response 









   
   

    
     

      
   

Histograms of  
responses to  
tones at various  
levels 

Note that histograms  
cover two periods  
of the tonal stimulus 



Auditory-nerve model: 
•non-homogeneous Poisson process 

•Single fiber characterized by its instantaneous rate function.   
 
•For tonal stimuli: 

 
•For more general stimuli, the exponential is a filtered version 
•of the stimulus that is then normalized.   



•Optimum detection of change in the interaural time delay 

•Assume non-homogeneous Poisson model with rate 
functions given above. 
 

•Task is to decide if stimulus has an interaural delay of         

τs + ∆  or   τs – ∆ 
 

•Optimum decision rule is to calculate 
 
 
 

•where tiLm is the time of the ith firing on 
mth fiber and L and R indicate side 



•Some operations seem physiologically unrealistic: 
 
•Comparing ALL neural ITDs to reference delay;  
•Reference phase differences included; 

•Performance is independent of external delay (τs) 

Consider the ideal processor and might not be realistic 



•Minimal Decision Variable 

•Fundamentally comparing only “corresponding” right and left AN fibers 
 
•For each pair, only include firings close together after an internal delay 

τm 
 
 
 
 

•This is basically a “coincidence counter” with an internal delay of τm 
 



•Jeffress model of ITD processing 

•Jeffress guessed all this in 1948. 
 

•Jeffress Coincidence Detector Network 
 

•Internal delays that are different for each cell 
in an array 
•Fixed time delay on input patterns would 
excite compensating delay cell with many 
coincidences; non-matching respond less. 
•Network can be realized with simple neurons 
 



•Coincidence Network of Jeffress (1948)  











•Coincidence Network of Jeffress (1948)  



ITD-sensitive neuron in MSO 



Another MSO neuron: 
•from Yin and Chan, 1990 







•Mechanisms of ITD Processing 

•Coding of time structure to neural pattern 
Primary auditory nerve coding 

 

•Maintenance/sharpening of temporal structure 
Sharpening in cochlear nucleus (Buchy Cells of CN) 

 

•Sensitivity to delays of left and right inputs 
Single neuron processing in MSO 

 

•Preservation to higher neural levels 
Maintenance of “spatial code” for ITD 





•Simple point-neuron model 

•Han and Colburn, 1993 



•Predictions and Data for simple point-
neuron model (Han and Colburn, 1993) 





•Period Histograms 



From Stern and Trahiotis, 1997 

Binaural Display: (f,τ)-plane 

Narrowband  
Cross-correlation 
function for each f 

Internal delay 
limiting function 

Resulting 
distribution of 
activity 
ITD from ridge 



From Stern and Trahiotis, 1997 

Tone 
stimulus 

Noiseband 
stimulus 

Binaural Display: (f,τ)-plane (before weighting) 



Modeling ITD processing 

Characterize MSO outputs statistically 
 

Derive best achievable performance in simple  
timing tasks (e.g., ITD discrimination) 
 

Compare theoretical to actual from measurements  
on human subjects 
 

Generally good agreement 



•Interaural level (ILD) representation 

•LSO neurons (ILD and onset-ITD sensitive) 
 

•Excitatory input from ipsilateral side 
 

•Inhibitory input from contralateral side 
 

•Array of ILD processors versus frequency 



•Simple point-neuron model 

•Diranieh and Colburn, 1994 



•Diranieh and Colburn, 1994 
•(MODEL)  

•LSO Neuron and ILD sensitivity 



•ILD,f array of LSO neurons 

•LSO neurons are each ILD sensitive 
 

•LSO neurons are tuned in frequency (like 
auditory nerve fibers and MSO cells) 
 

•Provide information about ILD for each 
frequency band 
 

•May be particularly important in reverberant 
environments (Hartmann, 1999) 



•General Binaural Perception Model 
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