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Chapter 1 Introduction

1.1 Goals

1.2 Background

1.2.1 Coincidence detection: Theoretical significance an d neurophysiological

evidence






1.2.2 Psychophysical studies show the importance of spatio -temporal cues in

processing complex sounds



1.2.3 Previous modeling work on temporal processing of comp lex sounds



1.3 Organization of this thesis



Chapter 2. Response properties of an integrate-and-fire mo  del that receives sub-

threshold input

2.1 Abstract

2.2 Background and Introduction









2.3 Method

2.3.1 The I&F Model:
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2.3.2 Stimulus description and superposition of AN inputs
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2.3.3 Analytical calculations of the I1SI and PST for the I&F m  odel with stationary

and non-stationary inputs
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2.4 Results

2.4.1 Predictions for a model that receives stationary inpu ts
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2.4.2 Predictions for the model that receives synchronized input
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2.4.3 Effects of mixed-amplitude inputs on model responses
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2.5 Discussion

Calculation of the PSTs and ISIs of I&F models with non-stati onary inputs

2 |n the previous section, we assumed a constant time jittdegmade th&| at high frequency. If th&lin response
to high frequencies is already degraded, a smaller tiner jgtrequired, which thus maintains the timing information
at low frequencies.
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Regularity of the model cell response to stationary inputs; Effects of time constant,

synapse amplitude, and refractoriness

Effect of EPSP amplitude on the input-output rate function
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Enhanced phase locking and its relation to EPSP amplitude an d time constant
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Implications of mixed-amplitude inputs for the Bushy Cell m odel

Potential effects of Inhibition on model responses

3 Caspary's study showed that inhibition has the same reesipeid as excitation, and that the role of inhibition is
generally not lateral inhibition, which is often descritesla mechanism for sharpening the receptive field. This on-
frequency inhibition can be interpreted as a modulatidarfihat extracts the envelope fluctuation in the inputs
(Nelson and Carney, submitted). As discussed here, imdvibéould also contribute to the enhanced timing of the
cell responses in CN.
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Chapter 3 Predicting responses of CN cells that receive conv ergent AN inputs

based on coincidence-detection

3.1 Abstract

3.2 Introduction
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3.3 Method

3.3.1 Computational Auditory-nerve Model

3.3.2 Monaural Cross-frequency Coincidence Detection Mod el

i\ h=  ft-t)

1=1 m=1

* A recent study has been conducted to modify the synapse dgsaiirthis composite model. The new synapse
model has a more realistic offset adaptation response hangsponse to amplitude-modulated (AM) stimuli of the
new composite model is more comparable with the physiodgiata. This study is reported in the Appendix of this
dissertation.

® The spontaneous rate of model AN fibers is defined as tharitsteous firing rate before the discharge generator.
For the simulated discharge trains, the spontaneous reteés because of refractoriness.
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3.3.3 Simulations of Model Responses

Output Output

\ o m &
850 Hz 950 Hz /L

850 Hz 900 Hz 9°0 Hz

42



3.3.4 Comparison between Shot-noise Model and Cross-corre lation
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® As the results indicated in following section, the model oe$ponse decreased when a 900 Hz tone was added to
the wideband noise because the input AN fiber responsesreeere out-of-phase with each other with the
addition of the 900 Hz tone.
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3.4 Results

3.4.1 Responses of model Coincidence Cells to Pure Tones

" #S
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3.4.2 Responses of Model Coincidence Cells to tones in wideb and noise
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3.4.3 Response sensitivity of coincidence detection model

Sensitivity Measure

Sensitivity Measure
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3.5 Discussion

3.5.1 Implications for Physiological Evidence of Cross-fr equency Coincidence-

detecting Cells

734 units out of 97 units recorded had a decrease in respotese/nan a tone was added to the noise out of 97; this
response characteristic was observed in many cell typegréference to a particular cell type).
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3.5.2 Functional implications and relation to hearing impa irment
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3.6 Conclusions
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Chapter 4 Detection performance using a Coincidence-Detec  tion Model:

Identifying model cells sensitive to different cues

4.1 Abstract

4.2 Introduction

60



8 Studies of information masking (see Watson, 1987; Neff aree6, 1987; Durlach et al., 2003) suggest that
threshold could also be elevated due to maskers outsideBhe C
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4.3 Methods

4.3.1 Stimuli

° Conversational speech is approximately around 60 dB SPn(fittp://www.nonoise.org/and human threshold
for tones between 500 Hz and 4k Hz is about 10 dB SPL (Moore3 208. 129). Many AN fibers (66% in cat) are
low threshold with dynamic ranges of approximately aboutiBOSPL (May and Sachs, 1992).

62




4.3.2 Simulation of AN Fiber responses

4.3.3 Monaural, across-frequency (correlation) coincide nce-detection model
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4.3.4 Quantitative measure of the detector performance and internal noise

___E[CnL]-HGHN _ECni- EON
Jvar[Cc(n] + Vaf @ n b)/2 JY
E[C(n L]- B Q _ECn)- EON

Qz$@ﬂﬂdnm+EQMM2M JYH Y N

Q*=[D,...Q,16[O.... QT
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ki =(ValG(nl+Vvaf A nW)/2+ EC H+ [EC.MB/(2 M
kj =(Cof G( ), GO+ Cdv€ ,m)L @ ,nB/2, (4 )]

% ) % D D * D D ()

4.3.5 Population Model Coincidence Detecting Cells
+

1% Calculation of the inverse of the cross-covariance matitkout including internal noise for each channel may be
impossible and also would not be optimal. By including intdmoise for each channel, combining two channels
that had the same output would enhance discriminability.

" Each location in the cell matrix represents 50 identicascethich decreased the internal noise and increased the
sensitivity for each matrix location. Since the cell respemwere highly correlated (as we will see below), this was
also similar to combining cells across different locationthe cell matrix, which decreased the internal noise but
not the external noise. Combining cells across differecations in the cell matrix may decrease the total number of
cells in the matrix, which is constrained by anatomyphysigl see http://earlab.bu.edu/anatomy/Ratcell.aspx.
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4.3.6 Simulation of the Psychophysical task

4.3.7 Energy-based detectors

2 Even though spike counts of each model cell output were dbestby a Poisson distribution, the sum of N
independent model cell outputs could be approximated byws§an variable based on statistical theory.
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4.3.8 Envelope-based detector
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4.4 Results

4.4.1 Effects of stimulus and model parameters on model resp onses

Single-cell model responses to tone-plus-noise stimuli
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Responses of a population of model cells to tone-plus-noise stimuli
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4.4.2 Psychophysical predictions based on the population o f CD cell responses

Population Coding and correlation between the population C D cells
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Model Predictions based on individual cells
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4.4.3 Onset responses of the CD model cells
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4.4 .4 Predictions from other models

Results from an energy detector based on a population of audi tory filter outputs
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Predictions from an envelope detector

4 5 Discussion

Critical band theory and the detection of tones in wideband n
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The detection of tones in narrowband noise

Implication of the location of the most sensitive cell in mon aural cross-frequency CD

model
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Neural implementation of the Cross-frequency coincidence -detection model
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Chapter 5 Evaluating performance of several models for leve I-discrimination in

noise

5.1 Abstract

5.2 Introduction
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5.3 Methods - Stimuli and simulations

5.4 Results

5.4.1 Sensitivity matrix of coincidence detection (CD) cel Is

o- E[C(n L+DL)] - B G p |
JVarC(n L+DU] +Vaf G n 1)/2 { EC n L+D)J +EC.nH/2 N
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5.4.2 Limiting the sensitivity of CD cells to changes in stim ulus level

o= ElGu(n Y- A ]
s
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5%, =E[Cy (nD- Qn D)

5.4.3 Predictions of CD model cells with limited level-dete ction performance

D/

131f the same internal noise for level-detection was appl@dfl the coincidence cells, this internal noise greatly
degraded the performance of the cells that were sensitit@iporal cues. We cannot use "power spectrum" models
with different internal noises for different channels te@agnt for the improved performance in level discrimination
in wideband noise, because the same model used in the widl@loise condition can then be used in the
narrowband noise condition to provide performance thagtteb than that of human subjects. For the different
values of internal noise used in present study, model céllssmall amounts of internal noise did not provide more
information about the level change of the stimulus than #iks evith large internal noise value. The fact that
different cells have different amounts of internal noisé$imilar level discrimination resolution suggest thatshe
cells were in fact representative of different processekdrauditory system.

14 Since we already limited the model resolution for level détm, so a better resolution (lower threshold) of
pedestal level change in wideband noise is due to the termpémanation carried by input AN fibers.
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5.4.4 Predictions of the “power spectrum model” based on mul tiple channel

theory

104



Threshold

Simulation for pedestal

10} -©- 0dB .
—-A- 4dB

-8 32dB

5 - .

0 - .

5 - .
10 1
15 1
20 | 52 ]
10 50 100 300 1000 3000

BW (Hz)

105



15 The optimal weights were derived based on the molar appnabkr than on the molecular approach proposed
by Gilkey and Robinson (1986).
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5.4.5 Predictions based on the envelope model
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181t is also worthwhile to point out that in the wideband noiges predictions of the envelope detector out-
performed humans. Usually envelope changes in a singlenehare not considered to be a perceptual cue in
wideband noise since various studies (Viemeister, 197§jesst that perception of envelope fluctuations is based on
the integration of information across a wide range of auwlififters.
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5.5 Discussion

Multiple cues, multiple processes, and strategies used in | evel-discrimination in

the presence of noise

" Most studies related to this phenomena have been done imthext of the reduced mid-level hump in the
presence of noise (e.g. Plack and Viemeister, 1992).

18 This does not include the situation that after each cue ikiated, these cues are used altogether in some decision
strategy. In this situation, different processes areistitblved to detect different cues.

¥ The nonlinear combination could be algorithmic. For exampl“sequential” strategy could first attempt to detect
a tone based on CD model cell, and if it fails as is “not surne&, decision process could continue to look for other
cues (energetic) to determine which interval has a tone x@ynining the performance of other models where the

CD model fails, it should be possible to clarify which stgtés used in the decision process.
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Neural mechanisms for level discrimination in wideband noi se (lateral inhibition

and cross-correlation)
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5.6 Summary
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Chapter 6 Summary and Comments

6.1 Response properties of an I&F model that receives sub-th reshold inputs

119



6.2 Response properties of model coincidence-detecting ce ls that receive

convergent AN fiber inputs
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6.3 Analysis of psychophysical experiments with a coincide nce-detection model
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1/ 2
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Cross-Frequency Multiple-channel | Envelope
Coincidence Detector | based Energy Detector
Detector

Physiological Coincidence Detection| Lateral inhibition | Modulation filter

Mechanism (Small membrane time| (Large membrane (Rate-based
constant, Sub- time constant, modulation
threshold, convergent | Non-saturated transfer function)
inputs) responses)

Tone-in- | NB | Fixed-level Fixed-level Roving-level

noise Roving-level

Detection

Task WB | Fixed-level Fixed-level
Roving-level Roving-level

Level- NB | Fixed-level (partially) | Fixed-level Roving-level

Discrimin Roving-level (partially) | (partially)

ation WB | Fixed-level Fixed-level

Task Roving-level Roving-level

124



6.4 Limitations and Directions for Future Studies
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Appendix A. Analysis of models for the synapse between the in ner hair cell and

the auditory nerve

A.1 Introduction
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Fon(t) = Ass+Ar*exp(t/tau_r)+Ast*exp(t/tau_st)
Tau_r

[0}
] Tau_st
NG
8 Foff(t) = Max{0,Asp*(1 exp( (t tO)/tau_sp))}
04
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£
n
Time
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A.2 Analysis of the Meddis synapse model
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A.3 Comparison of Meddis and Westerman models

dc, (1) _
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A.4 Deriving Model Parameter Values from PST properties -Th e relationship

between the model parameters and adaptation characteristi CcS

Ron(t) = A§s+ Aé”tR + %t -et/tST

PTS=1+9" A /(% A)
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A.5 Modifying the synapse model to obtain the desired offset adaptation

response
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0; t<t,

R (9= A, (1- g /)

Ry (1) = (A§p - A& e'’® ¥ An
for R(t)>0
=0 for R()<0

Rt (0 =(A,- AT e"o ) A+ A g/t
for R, (t)>0
=0 for R, (t)<0

R’ff(t) = R(t)Q(t)- '%hift
for Roff (t)>0
=0 forRy (<0
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2 The model results presented here are just illustrative eNdatensive explorations have been conducted in another
study (Nelson and Carney, submitted).
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A.6 Including the refractoriness in the synapse output to ap

response of AN fibers

r(t - tL): coe' (t tc Ra)/sO q-e(t 1 RA)/a’
fort-t3 R,
=1, fort-t < R,

PO = POYR, (137 (1) b

tr(s, X) ds
X

P, (tx)=¢e
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A.7 Discussion
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Appendix B. Relationship between adaptation characterist

model parameters

Rn(D) = A+ AémR + A glltsr

ko A
kz A+A§t+&s

oYMk _
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_oyMk
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