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neurophysiological data of the neuron being modeled.

An iterative procedure has been followed to develop a model that best ‘ - -

simulates a 1263 Hz CF primary auditory neuron’s, spontaneous, pure-tone anc
speech behavior. Tbis report presents the results of the final iteration.
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small magnitude.
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that neither modification would be cost effective.

Information generated from this study will be incorporated into the develo -
ment of speech recognition systems based upon the performance characteristics
of the auditory system. Such systems would be a valuable tool to the Air Force
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SUMMARY

A model of the peripheral auditory system, up to and including the

• primary audito ry nerve , is in an advanced stage of development. The model

is comprised of an analog electronic device , the ROC COC Analog Cochlea ,

that simulates the tempo ral and relative magni tude transfo rm of the middle -

and inner ear , and a FORTRAN pro g ram system that simulates the primary

audito ry nerve and the absolute magnitude transfo rm of the entire peripheral

audito ry system.

Originally, the ROC COC’ s middle ear circuit was an active bandpa ss

filter with a center frequency of about 1.8 kHz , a bandwidth of about 3 kHz ,

a low frequency skirt with a 6 dB/octave slope , and a high frequency skirt

with a 100 dB /octave slope .

The ROC COC’ s cochlea section is a transmission line comprised of

a cascade of lowpass fi l ters.  Each filte r is tapped to provide an output voltage

analogous to the displacement at a point on the cochlea ’ s basilar membrane.

The first software segment in the processing sequence is called the

Transducer Module (TM) and it compute s the absolute magnitude tran sfo rm

of the model. It is not intended to represent any one component of the

peripheral audito ry system.

The mode l of the primary auditory nerve is called the Basic Stochastic

Syncoder. It is a binary threshold device with the threshold function F (iA) =

~~+ 8 exp EB (i-i) A ] ,  where B is a random variable called the decay rate ,

with probability density function PB ( • ) ,  j is the time inte rval when the syn-

code r last fired , A is the sample interva l , and f~ and 8 are parameters. The

threshold function is compared at each time interval with the syncoder ’s - 

-

summation potential q (LA ) = miii z ( L A  - 
~x A ) ,  

~ma~ 3~ 
where x ( . )

is the syncoder ’ s stimulus and ~~~~~~ and are parameters. At

any sample inte rval , except those falling within the syncode r ’s absolute re-

fracto ry period , the syncoder will generate a one (1) response if the threshold

fun ction value is not greater than the summation potential value:

1

III ~~~~~~~~~~~~~~~~ ~~~‘
‘ ‘
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1 iff q(iA ) > F (i~~ ) and i-j )’p/A
Y (IA ) =

O otherwise -

where p is the absolute refractory period. At that instant the threshold
• function is reset to its maximum value , a new decay rate value B is chosen .

according to 
~B 

• ), and the threshold function begins its decay.

• In earlier neurophysiological expe riments pure-tone stimuli and

speech-like stimuli comprised of sequences of five vowel sounds were pre-

sented to the middle ear of guinea pig s and the response of the primary

audi to ry neurons recorded. These data are the standard of comparison for

the model’ s develo pment and verification.

• Both theoretical and empirical studies of the model’ s behavio ral cha ra c-

teristics were perfo rmed. From these studies procedures were developed

for estimating the model’ s pa ramete r value s fr om the available neurophysiolog-

ical data.

Five dif ferent pa rameter value sets were used to p rovide five model

candidate s whose behavior was compared to a 1263 Hz CF primary neuron.

Pure-tone and speech-like stimuli originally presented to the neuron

were presented to each of the five models. Selection of the best model was

based on a qualitative evaluation of PIH shapes and a quantitative analysis

of the number of peaks that matched between corresponding model and neuron

vowel - Pulse Interval Histograms. (A vowel-PIH is a Pulse Interval Histo-.

gram constructed from the segment of responses corresponding to a sing le

vowel in the stimulus.)

The best model was presented with several more pure -tone and speech-

like stimuli previously presented to the neuron. Corresponding vowel-PIHs

of the model and neuron generated from the responses to these stimuli were

compared using a “fraction of misplaced peaks ” metric. Using benchmark

values obtained by comparing different neuron vowel-PIHs generated from

responses to approximately the same intensity , it was determined that the L

2
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model produced vowet-PIHs that fell within the benchmark for six or seven

of the ten vowel sounds used.

• Close scrutiny of the vowet-PIH results , along with an evaluation of the

differences between neuron and model vowel~ POHs*, led to a modification of

the TM transfer function. The new model was presented with the same set

of stimuli as before , and the responses evaluated in the same way. There

was an improvement in the results , but a furthe r modification was suggested:

• the slope of the middle ear circui t ’s low frequency skirt was changed from

6 dB/octave to 12 dB /octave . The new hardware component was called ROC

COCZ.

Thi s report presents an evaluation of the behavio r of thi s model

in response to the same set of stimuli. It is found that the neuron and model

vowel-POHs of the vowels /Et, /~ I, il l, / ~a/ , and / 1/ correLate favorably.

There is some question about the similarity of the neuron and model f r i  -
POHs. The neuron and model vowel-POHs where the re is a problem in

the cor relation were Ia, , Ia!, / 0 / ,  and /u / .  In all cases the neuron vowel-

POHs have extra peaks in them that are absent or not present in sufficient

magnitude to produce corresponding peaks in the model vowet-POHs .

Two modifications to the model are considered; using a different

ROC COCZ response channel and modifying the middle ear circuit. It is 
.0’

concluded that neithe r modification would be cost-effective.

* Pul se Occurrenc e Histogr ams

• 3
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P~~~FACE

This is the final report on work performed under Contract P33615-76-

C-0510, Work Unit 2312V415 , “Specific Signal Analysis Technique s Employed

by the Auditory System”, University of Dayton Research Institute (UDRI),

Dayton, Ohio; Dr. Duane G. Leet, Principal Investigator.

The entire program was conducted in support of Project No. 2312 ,

Task 2312V4, “Applications of Basic Biological Principles and Mechanisms

to Operation and Design of Air Force Systems ” administered by the Neuro-

physiology Branch of the Aerospace Medical Research Laboratory,

Wright-Patterson Air Force Base, Ohio. The period covered is 1 February 1976

• to 28 February 1977. Dr. Thomas J. Moore was the initiator and monitor of

this research.

Air Force support of this program is just ified by the following arguments.

First , the human auditory system is a speech processing system that far sur-

• passes current technological capabilities. Study of this system from a rigorous

information-theoretic viewpoint could lead to improvement of existing technology

or development of an entirely new technology that can be used by the Air Force

in intelligence, reconnaissance, air traffic control, air mission control, and

man-machine interface. Second, the voiced speech àignal is comprised of a

sequence of glottal pulses. Mathematically, a glottal pulse can be considered

to be a short sample of a Fourier transformable Function embedded in noise.

This noise comes from two sources. The statistics of one source can vary

with time but are independent of the glottal pulse. The statistics of the other

source depends on the sequence of glottal pulses preceding the given pulse;
• . that is , the glottal pulse frequency characteristics are context-sensitive.

The human auditory system is able, therefore, to recognize sequences of

context sensitive signals embedded in noise, and to do this in real time.

Again, the capabilities of this system far surpass current technological capa-

bilities to process such signals. The development of electronic systems with

• ~~~ ~~~~~~ __.~~~ t.A A ~~~ . ~~ ~_‘;-~~~--‘-• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ••



these capabilities would have application both to the general signal recogni-

tion problem in Air Force intelligence and to electronic warfare.

In addition to this report, another report and paper were published

using the support of this contract :

Leet, Duane G., “A Model of the Auditory System from the Middle
Ear Through Primary Auditory Nerve ”, Proceedings of the
29th Annual Conference on Engineering in Medicine and Biology,
Boston , 1976.

Moore , Thomas J., and John L. Cashin, Jr. , “Response Patterns of
Primary-Like” Coch].ear Nucleus Neurons to Excerpts from
Sustained Vowels”, AMRL-TR-77-10, Aerospace Medical Research
Laboratory, Wright-Patterson Air Force Base, Ohio, 1977.

The author expresses his sincere appreciation to Dr. Moore and to

John L. Cashin, Jr ., and Diana Esch of UDRI for their invaluable assistance.
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SECTION 1

INTRODUCTION

A model of the behavio r of primary auditory neuron 7 10827/11 is

being developed through iterations on the following basic procedure:

5 1. Estimated parameter values.

2. Run simulations.

3. Compare model and neuron behaviors.

4. Accept the model or make re commendations for model and!

or paramete r modification.

Figure 1 is the block diagram for this model. The cochlear filter component

is a hardware analog of the middle and inner ears. The BSS , or Basic

Stochastic Syncoder , exists in both hardware and software fo rms and is a

model of the primary auditory neuron. The TM , or T ransducer Module ,

currently exists in software and perfo rms a log transformation between the

cochlear filte r output and the BSS input. See Leet (1976) for a detailed

account of these components.

Procedures are detailed in Leet (1976) for estimating the parameter

values of the model given the selected primary auditory neuron t s spontaneous

activity and responses to pure tone and speech-like stimuli.

In the first simulation iteration , the model generated responses to pure

tone stimuli. Pulse Occurrence Histograms (POHs) and Pulse Interva l Histo-

grams (PIHs) were computed fro m these responses and they tompared favorabl y

with the corresponding neuron P01-Is and PIHs.

In the second simulation iteration , ‘the model generated responses to

* **seve ral Clot-i stimuli presented at different intensities. Vowel-PIHs

were computed f ro m these responses and compared with corresponding

vowel-PIHs from the neuron. In addition , vowel-POHs were computed

* 
S

A Clot- i stimulus is comprised of five 40 msec segments. Each segment is
five pitch period of a vowel from the set C / r i ,  / a / , /~ I , !3/ , /1/ , Ri , lef ,
/u/ , / o/ , /a/Jwith no vowel appearing more than once in a stimulus.

vowel-PIN is a PIN computed over a single vowel segment of a Clot- i
stimulus.

• ~~~~~~ ‘ 5- 5 - -
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from the model’s responses and compared to the corresponding neuron vowel-
PORs and the corresponding segments of the cochlear filter responses to the

Clot-i stimuli. The results reported in Leet (1976) suggested modifications

to the TM. These m odifi cations were made and a thi rd simulation iteration
performed . The data were analyzed as befo re and the results suggested
a modification to the cochlear filter.

The complete model , with all the modifications made to date , is pre-
sented in Section 2. The Clot- i stimuli were presented to this model and
the usual analyses pe rformed. The re sults are presented in Section 3. Section
4 concludes thi s report with a discussion of the results and recommendations

for the next iteration of the modeling effort.
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SECTION 2
MODEL 08/13/76

2.1  THE COCHLEAR FILTER COMPONEN T ROC COC2

The first cochlear filter used in the modeling effort , which was called

ROC COC, had the middle ear transfer function shown in Figure 2 as the curve
marked with the dots. In earlier research on this program , there was evidence
in the data generated by the models containing ROC COC that the effect of the
second formant of the vowel / r /  needed to be increased with respect to the

effect of the first formant. This was accomplished by increasing the slope

of the low frequency skirt of the middle ear transfer function ~y 6 dB/octave,

- 
‘

I shown in Figure 2 as the curve marked with the x ’s. The new cochlear filter

is called ROC COC2.

2.2 THE TM COMPONENT

The transfer characteristic for the TM component of the model is
• shown in Figure 3. It is the one used for Model 06/29/76 in the third simu-

lation effort.

2 .3 THE BSS

The BSS parameter values in Table 1 are the same as used in the pre-
vious simulation iterations (Models 03/31/76 and 06/29/76).

I_ _  _ _ _ _  5-”-
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Figure 2. Bode agnit~de Plot of Middle Ear Transfer Function for
5

- . ROC COC 2 Cochlear Filter. The Circuit Includes both
the External and Internal Pre-Amps. The Curve Marked
with the ‘ix ” Symbol is Obtained by Setting the Select Switch
in the Velocity Position and is the Middle Ear Transfer

S Function for ROC COC 2. The Curve Marked with the
“ Sym bol is Obtained by Setting the Select Switch in the

• Displacement Position and is the Middle Ear Tra~ sfer
Function for ROC COC.
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TABLE 1

BSS PARAMETER S FOR MODEL 08/13/76

Low Average 6. 89 ins cc
interpulse Interval 

____________________  
S

High Average 16. 54 insec
Interpulse Interval __________________

e 271 .23

LBavg .0908

I
-5---
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SECTION 3

RES ULTS[ 3. 1 INTRODUCTION

-
; The eight Clot-i  stimuli listed in Table 2 were presented to both the

neuron and the modeL Each of the ten vowels was presented four times:
twice at an intensity of 10 d~ attenuation, and once each at intensities of 20
and 40 dB attenuati on. In thi s section the result s from each vowel are an-

- 
alyzed as follows. First, the neuron vowel-POH s are j uxtaposed with the
corresponding modeL vowel-PQH s and ROC COC 2 response segments. A
discussion of the time alignment problem is presented in Section 3. 2. Then
the four sets of curve s are inspected for a common relationship between a
pitch period of the ROC COC Z response segment and the corresponding seg-
inent of the neuron vowe l~ Pcj~~ The same inspection is performed for the
model vowel-POH. If  f ound, the common relationship is illustrated and
discussed. In addition, the vowel-PIH s of the model and the neuron are
presented and the Peak Occurrence Table computed. The Stimulus Interval
Histograms are also presented. The text includes a discussion of any
observation s from these data that provide more insight into eithe r the be-
havior of the ne u ron or how the neuron ’s behavior éompares to that of the j
model.

3, 2 THE ALIGNMENT PROBLEM -
S

In order to compare the neuron vowel-POH s with the corresponding
model vowel-POHs and the ROC COC 2 response segment s it was necessary
to bring the three data sets into the proper absolute time alignment. The

S 
alignment of a model vowel-PQH with its corresponding ROC COC Z response
segment is trivial, since they are synchronized and based on the same clock
(in the PDP- 11). This is, however, not the case with the neuron vowel-PQH s. 

- •

-20 
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TABLE 2 
-

•

LOG OF NEURON-MODEL RUN PAIRS

Glot -1 Stimulus Run
Neur on Model

ID Vowel Sequence Intensity 710827/11 08/13/76

3A /1/ /u/  / ~~~~/ /a/ /E/ 10 6 08/13/76.1/1
3B / ~~/ /~~ / / i/  /0/ /~~ / 10 7 08/13/76.1/2
4A / ~~~ 

/3/ /a/ /o/ /~~ / 40 8 08/13/76.1/3
4B / i/ /u/ / r /  /1/ / ~~ / 40 9 08/13/76. 1/4
7A / ~~ / /1/ / r /  /u/ / i/ 10 14 08/ 13/76.2/1
7B / ~~~~/ /o/  I a !  /~ / / E /  10 15 08/ 13/76 . 2/ 2
8A /9/  /o/  /j /  / r/  / ~~ / 20 16 08/ 13/ 76 .2 /3
8B / ~~/ /a/ /~~~~/ / u /  /1/ 20 17 08/ 13/76. 2 / 4

21
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The Glot- 1 stimuli were recorded on one channel of a two channel analog

magnetic tape . The second channel contains a synch pulse at the beginning of

each stimulus presentation. When the neural data were recorded, these synch

pulses were used to trigger the acquisition of data by the PDP-1 system;

When the ROC COCZ responses were recorded, they were used to trigger the

acquisition of data by the PDP-11 system. The relative difference in the

time required by the two systems to process the synch pulse was not known

prior to the analysis of the data in this report. Furthermore, the ROC COC 2

stimulus was delayed as it passed down the transmission line. Thi s delay

was about . 9 msec. (five sample intervals) at the channel used for these cx-

periment s, channel 20. These two observations mean that, prior to the

analysis reported here , the time origin of the ne ural POH s was shifted an

unknown amount from the time origin of both the ROC COC 2 responses and

the model PONs.

The use of two different clocks further complicated the situation. From

a preliminary comparison of neural and model vowel-PON s, it was apparent

that the PDP-1 system clock was relatively faster than the PDP- 11 systen~
cloc k by about . 2 to • 4 rnsec per 40 msec. This tended to distort the com-

parison of the neuron and model vowel-POH s and forced a continual re-

assessment of the synchronization problem.

-; The first step in the procedure used to align the neuron vowel-POHs

with the corresponding model vowel-POH s and ROC COCZ response segments

was to visually compare the neuron and mode l vowel-POH s corresponding

to the vowel segments of a stimulus. In all the stimuli except 8B, comparing

the vowel-POH s of the first segment pr oduced two candidate alignments.
S 

Generally each of these alignment s forced an alignment on the succeeding

neuron/model vowel-POH pair , and so on through the stimulus. As summarized

in Table 3, four candidate alignments were proposed for the fir st vowel seg-

ment in stimulus 8B:

22
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TABLE 3

CANDIDATE NEURON MODE L VOWEL-POH ALIG NMENTS FOR STIMULUS 8B

V owel CANDIDATE ALIGNMENTS

Segment I I’ in IV V

as aligned left shift (4) left shift (8) left shift (13)

/a! as aligned left shift (5) left shift (7)

/ae/ right shift (6) as aligned left shift (7)

/u/  right shift (7) as aligned left shift ( 11)

/1/ right shift (10) as aligned left shift (6) 

~~~~~~~~~ S 5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - —•5-——
~~~~ - ~~~~~~~~~~~~~~



(I) as aligned ,

(II) left shift (4) ,

(III) left shift (8), -

(IV) and (V) left shift (13). - -

The terminology is with respect to an arbitrary reference alignment. (In
this case “(V ) left shift (13)” is the alignment shown in Figure 36.) The -

numbers in parentheses are the numbe r of sample intervals to shift with

respect to the refe rence alignment. Two of these alignments , “ (I) as aligned” -
and “(in) left shift (8), ” produced poor visual correlations between model and
neuron vowel-POHs in subsequent segments and were dropped fro m fu rther
consideration. The “ (II) left shift (4) ” alignment forced a “ (II) as aligned”
alignment on the next segment ’s vowel-POHs. The “(N) left shift (13)”
alignment forced two possible alignments on the second segment ’s vowel-
POHs: “ (IV) left shift (5)” and “ (IT) left shift (7) ”. (The reference alignment

— 
for the second segment was such that Figure 16a shows the “ (IV) left shift
(5)” alignment.) These alignments were forced on the vowel-POHs of the

remaining segments to obtain the candidate alignments Listed in Table 3.
(In the last three segments of 8B “(IV) as aligned” was the refe rence align-

S 

ment. )
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The second step in the alignment procedure was to perform a visual
correlation between the four available neuron vowel-POH s of the same vowel.
Ther e was often a clea r ly superior alignment between these vowel-POH s that
restrict ed the possible alignment s between the neur on and model vowel-POHs.
For example, Table 4 lists the candidate neuron/model vowel-POH alignments
for the vowel / ~~ / .

TABLE 4
- CANDIDATE NEURON/MODEL / r /  - P01! ALIGNMEN TS

STIMULUS CANDI DATE ALIGNMENTS

3B as aligned left shift (5)
4B as aligned
7A as aligned right shift (3) right shift (7)
8A as aligned right shift (4)

Com parison of the neuron In - P0}Is suggested that there were only two
possible neuron/model alignments that agreed with the clearly superior
neuron hi - POH alignment:

3B as aligned

4B as aligned -

7A right shift (7)

8A right shift (4)
-

• 
or

3B left shift (5)

4B as aligned

7A right shift (3)

8A as aligned

25
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The third step in the alignment procedure was to compare the can -

didate alignment s of the neuron/model vowel-POH pair s for be st fit. A -

technique for quantitative evaluation of best fit was investigated during this

step and found to be un satisfactory. The technique was to form a sequence

- 

5 
5 

of the intervals between the (regional) minima between peaks , in units of

sample intervals, for the entire neuron or model vowel-PON. This sequence

was partiti oned int o subsequences corresponding to each of the vowel’s pitch

period s and arranged in matrix form. For instance, the sequence of intervals

of the neuron / ~~ / - POW in stimulus 3B, aligned as shown in Figure 4 was:

5

4 4 5 4 4 6 7 6 5

4 5 8 3 7 7 5 6
Na=

3 4 4 5 4 6 7 5 7

3 4 4 5 3 7 6 7 5

3 5 4 4 4 6 7 6

The sequence was arranged to create subsequences as close to the length

of the pitch period (45 sample intervals) as possible. The mat rix correspond-

ing to the sequence of intervals shifted one peak (5 sample intervals) to the

rigbt was: - -

5 4 4 5 4 4 6 7 6

5 4 5 2 6 3 7 7 5
N s=

6 3 4 4 5 4 6 7 5

7 3 4 4 5 3 7 6 7

5 3 5 4 4 4 6 7~~~~ 6

p a

In the same manner, a matrix of intervals was formed from the model !F ’ - POH.

4 4 4 4 9 8 7 5

4 4 4 4 9 8 7 5
M=

4 4 4 4 9 8 7 5

4 4 4 4 9 8 7 5

4 4 9 S 9

i _ _ S - ~~~~S~~~~~~~~~~~~~~~~~~~~-:-~~~~~~. ~~~~~~~~~~ 5~~~~~~~~~~~~~ 5~~~~~~~~~~ 5 -
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An average pitch period sequence was constructed from each of these matrices.

This is the step in thi s technique that produces the unsatisfactory results. The

problem is that there is more than one average pitch period sequence. For

• instance, the array Na can be part itioned as follows.

I I I I I 5 ~~
4 4 1  5 4 1  4 6 1  7 1  6 :  5

4 5 1  8 I 3 7 1  7 1  5 1  6
3 4 1 4 5 1 4  6 1 7 1 5 1 7

3 4 1 4  5 1 3 7 1 6 1 7 1 5

3 4 4 1 4 6 1  7 1  6

This produces an average pitch pe riod sequence

NL= (7. 8, 8. 6, 10. 0, 6. 8, 5. 8, 5. 6)

If the other two matrices are pa rtitioned in the same manner, the average

pitch period sequences are:

For Ns:  N~~= (9. 0, 8. 2, 8. 4, 6. 4, 6. 8, 5. 8)

For  M: M 1
= (8. 0, 8.2, 8.8, 8.2, 7.0 , 5. 0)

Othe r partitions are possible , however. For instance, consider :

I ~~~I 1 5

4 4 1 5 4 1  4 6 7 1  6 1  5

4 5 1 8 I 3 7 7 1  5 1  6

3 4 1 4 5 1 4 6 7 1  5 1  7

3 4 1 4 5 1 3 7 6 1  7 1  5

3 5 1 4 4 1 4 6 7 1  6 1

In this case,

For Na: N~ = (7. 8, 8.6 , 16. 8, 5. 8, 5. 6)

For N B : (9. 0, 8. 2, 14. 8, 6. 8, 5. 8)

For M: M 2
= (8. 0, 8. 2, 17. 0, 7. 0, 5. 0)
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The next ste p in the proposed quantitative technique was to compute an

error function that compared the model average pitch period sequence to those

of the candidate alignments. The error metric used was e=~~fn~j _ n ~/.
Using the first partition, ea=S. 0 and e5 4. 2; using the second partition, ea=Z .  6

S and e = 4  2. Therefore , the conclusion depends on the partition.

The possibility of using standard correlation techniques to compare

candidate alignments was also investigated. These were rejected because

there was insufficient correlation between the height or area of a single

peak in a POH and the magnitude of the corresponding peak in the stimulus.

It was, therefore, necessary to use visual correlation to compare

the candidate alignments of the neuron/model vowel-POW pairs. Each

pair was compared at each candidate alignment, and if there was a clearly

superior alignment, or a clearly poor one , it was noted. These conclusions

were compared with those of the previous step, and any discrepancie s re-

solved (There were very few). For example, comparing the model and

neuron / r/  - POH s, it was concluded that the histogram pair associated
with stimulus 7A had a bette r correlation using the “ right shift (3)” alignment.

Similarly, the pair associated with stimulus 8A had a better correlation as
aligned.

The fourth step in the alignment procedure was to use all existing

information generated to this point to propose the most probable align-

ments for each neuron/model pair. For example , based on the weight of

evidence, the conclusion on the alignment of the / r / -POH pairs was: •

3B left shift 15)

4B as aligned

7A right shift ( 3 )

8A as aligned

The fifth ste p was to compare these proposed alignments across each

stimulus, to check for any contradictions.
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The final step was to assign the alignment s of those pairs where a.

decision could not be made. Thi s assignment was made on the basis of

the other assigned alignments in the stimulus. For example, the align-

ment of the /3/ segment in stimulus 7A could not be assigned on the basis

of the information generated at any previous step. The alignment of the

other vowels in this stimulus were determined, however , and the only

neuron/model / ~~/ -POW alignment consistent with these is the one shown =
- 

. 
in Figure 21.

29

- - - -- --S ~~~~~~~~~~~~~~~~~~~ — --5-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---——--- - -  • -  - - -



____ 

—- -
~~

-—
~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~ - -5,.- -.-----.--- - - - - 
5-. ’

3.3 THE VOWEL /r/

As illustrated in Figure 6, the neuron hi - POH from the 10 and 20dB

attenuation experiments have peaks corresponding in time to each of the nine

peak s in the vowel’s pitch period, just as the model does. The corresponding

I n -PIN s (Figure 8) reflect this, since, as Table 5 demonstrates, there is

little differ ence in the position of the peak s in the neuron and model histo-

grams.

Figure 7 reveals that the model /r/-POH from the 40 dB attenuation

j  experiment has lost the peaks corresponding to pitch period peaks 2 and 4.

These peaks remain in the neuron/r/-POH generated at that intensity. This -

observation is supported in the corresponding 40 dB In -PIN of Figure 9. As

Table 5 demonstrates, there is a strong peak in the neuron f r /-PIN at the

interval of 1. 2 msec, which is the interval between each of the pitch period

peaks 1, 2 , 3, and 4. This peak is missing from the model 40 dB f r / - P I N.

3.4 THE VOWEL/ a l  -

The / ~~/ -POHa from the neuron and the model are juxtaposed with their

corresponding ROC COC2 responses in Figures 10 and 11.

A pitch period of the ROC COC2 response is superimposed on a typical

corresponding segment of the neuron ’ s 20 dB / a /  -POH in Figure 12 (a) and

on a typical corresponding segment of the model’ s 20 dB / a /  -POH in Figure

12(b). There are three neuron / a/ -POW peaks that do not correspond to

the leading edge of ROC COC2 response peaks 2 , 3, and 4. The addition of

these peaks makes the histogram very regular in time, with a period of about

1 mccc.

It is interesting to note that this period does not correspond to a peak

in the / a/  -PIH (Figure 14 and Table 7). Instead , there are peaks in the f a t -

PIN at 1. 8, 2. 8, and 3. 6 mccc, indicating that, afte r firing once , the neuron

skips over the next opportunity to fire . This makes the neuron ’ s / a/  -PIN look

more like the model’ s / a/ -PIN than the neuron ’s / a/-POW would suggest.

Text continued on page 44
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Figure 4. /1/-POHs from neuron 710827/ 11, (lower curve) Lfl (a) and (b) )

and Model 08/13/76, (middle curve in (a) and (b) ) and correspon- =
ding segment from the ROC COC2 response~, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 7, the S

model run is 08/13/76.1/2, and the stimulus is 3B , presented S

at an intensity of 10 dB attenuation. In (b) the neuron run is 14,
the model run is 08/13 /76 .2 /1 , arid the stimulus is 7A , presented
at an intensity of 10 dE attenuation .
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LJ~LL L ML LL J J J~ML~Figure 5. t r /-POHs from neuron 710827/11 (lower curve in (a) and (b) )
ari d Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 16 , the
model run is 08/13/76.2/3, and the stimulus is 8A , presented
at an intensity of 20 dB attenuation. In (b) the neuron run is 9,
the model run is 08 /13/76 . 1/4 , and the stimulus is 4B , presented

~~~ at an intensity of 40 dB atten uation. 
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Figure 6. A pitch period of the vowel 1r1 superimposed on a typical
corresponding segment of a 10 dB attenuation, In -POW.

.1~ (a) is neuron 710827 , run 7. (b) is model run 08/13/76. 1/2.
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Figure 7. A pitch period of the vowel 1r /  superimposed on a typical- 

corresponding segment of a 40 dB attenuation I n -POW .- : (a) is neuron 710827 , nun 9. (b) is model run 08/13/76 . 1/4.
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Figure 8. / rt -PtN s of neuron 71 0827/11 and Model 08/13/76 correspondin j  
S

to the tnf-POHS of Figure 4. (a) neuron run 7 , (b) Model run
081 13/76. 1/2 , (c) neur on run 14 , and (d) Model run 08/13/76 .2/1 .
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TABLE 5

PEAK OCCURRENCE TABLE - VOWEL /r/

Inter puls e 710827/11 08/ 13/76 .1  ~TO827/11 08/13/76.2 710827/11 08/13/76.2 710827/11 08/13/76.1
Interval 7 . 2 

—
_R~ 14

__- R~~ i R~~ 16 
. 
~~~ 3 5~~ 9 .5 4

1.0 .011 .004
- 

5 1.2 . 014 . 158
1.4
1. 6 . 2 5 9  .053 .046 .159
1.8 .075 .049 . 087 .076
2.0
2.2 .063
2 .4  . 1 1 8  . 058 . 072 - .071 .092 .058
2.6 .054 .097
2.8 -

3.0 .048 .058 .038
3.2 .098 .091 .068
3.4 .060 .06 1 .090 . 1 13
3.6

-r 3.8 .048
4.0 .084 .092 .075 .066
4.2 .052 .084 .081
4.4
4.6 .081 .053 .066
4.8 .082 .052
5.0 .065 .077 .061 .074
5.2 • .111
5.4 .056
5.6 .059 .048 .038 .06 1 .045
5.8 .058
6.0 .034 .028
6.2
6.4 .047 .056 .047
6.6 .041 .038
6.8 .029 .043
7.0 .044 .045 -

No. Sasnple 
226 225 21 4 230 23 1 230 233 222

- _ Av.rag. 6 .07 7.72 7.34 7.37 7.34 7.46 4 .69  7 .63

N~~~b.r
-
. 

- i~t.r,- i. 572 427 414 453 412 446 805 396

38(2) 38(2) 7A(3) 7A(3) BA(4) 8A(4) 48(3) 48(3)

Int~~.tty 10 10 10 10 20 20 40 40



k TABLE 6

STIMULUS INTERVALS TABLE
VOWEL /r /

4 4 4 4 4 4 4 4 4  44444  4 4  #4 4 44 444 4 4 4 . 4*4 4 4 - 4 44
- 

- 
4 INTE RVA L~ STIMULUS
4 4 4 4 4 4 4 44 3 .4 4 4 4 4 4 4 4 4 4* 4 4 4 4 4 4 4 4 4 4 4 44 4 4 4

~ 3~ ‘ 7A ~ ~ LoB ~
L 4 4*4 4 4*4 4 4 4  4 444 4 4 4 4 4  4 4 4 4 4 4 4 4 4 4~~~~

~ .2 ~ C • 0 ~ 0 ‘ 3
~ .4 0 ~ 0 0 C
~ .6 • 3 0 ~ 1 ~

.8 ~~~~~. 16 ~ 13 14 7
~ 1.0 ~ 4 4 7 ~~ 4 4
~ 1.2 ~ C 4 0 ‘ 0 2 ~
~ 1.4 ~ 5 4 ‘4 4

1.6 17 ~ 18 1’~ ‘ 13 ~
~ 1.3 ~ 10 ‘ 12 ~ 12 ‘ 6 ~
~ 2 .0  ~ 0 0 ~ 0 ~ 2 ~• 2 .2  0 ~ 2 1 0 ~

2.4 ‘ 11 • 10 7 • 7 •
~~ 2.6 8 • 10 ‘ 10 5 ‘

5 _ I  

~~~~2.8 C 0 0 • 1
~ 3.0 ‘ ‘4 ~ 3 • 2 5 ~

3.2 ~ 9 4~~ 9 4 7 4 7 4
-

_ 

‘ 3.4 ~ 13 ~ 14 16 • ii •
— ~ 3.6 • 0 2 1 0

* 3.8 0 1 C
~ + .0  -~~ 8 ~ 8 7 ~ 6 ~
~~ 4 .2 • 11 12 ‘ ii.
4 4.4 • 1 • 1 ~ 1 • 3 4

4.6 ~ 0 ~ 0 4 4 3 4

~ 4 .8 ~ ii. 10 7 ‘4
~ 5.0 ~ 9 7 ~ 9 ~ IC
• 5.2 ~ 1 • 5 ~ 5 1

5, 1 0 0 4 0 C
-

. 5.6 ~ 8 4 8 5 7 •
• 5.3 ~ 9 • 9 • 10 10 4

6.3 3 ~ 2 Lo ~ 3 •
~~ 6 . 2  0 ‘ 0 ~ C ~ 1 4

6.4 ‘ 4 1 1 ‘ 6
• 6.6 • 9 ii. 10 ‘ 6 4

6.8 • -  1 1 3 1 *
7.0  ~ 0 ~ 0 C 1 4

7 .2 1 • 3 0 4
7.4 2 • 2 4 • 3
7.6 0 0 ~ 1 1

~ 7.8 0 0 C ‘ C
~ 8.~ 0 • 0 0 0
# 4 4  4 4 44  44 4 4 4 4  44 *44-444 444 4* 4 4 4  4 4 4 4 4*  44 444  4 4  4 444
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Figure 10. /~~/-POHs from neuron 710827/1 1 (lower curve Lu (a) and (b)
and Model 08/13/76 (middle curve in (a) and (b) ) and correspo n-
din g segm ent from the ROC COC2 respons e, positive values only
(upper curve in (a) and (b) ). Lu (a) the neuron run is 7 , the
model run is 08/ 13/ 76. 1/2 , and the stimulus is 3B , presented
at an intensity of 10 dB attenuation. In (b) the neuron run is
15 , the model run is 08 / 13/76 .2/2 , and the stimulus is 73,

S presented at an intensity of 10 dB attenuation. 
S
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— Figure 11. /~ /-POH s from neuron 710827/ 11 (lower curve Lfl (a) and (b) )
and Model 08/13/76 ( middle curve in (a) and (b) ) and correspon-

• ding segment from the ROC COC2 response , positive values
- 

- 

only (upper curve in (a) and (b) ).  In (a) the neuron run is 16 ,
the model run ii 08/13/76. 2 /3 , and the stimulus is 8A, pre-
sented at an intensity of 20 dB attenuation. In (b) the neuron

S run is 8, the Model run is 08/13/76. 1/3 , and the stimulus is
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Figure 12. .A pitch period of the vowel / a/  superimposed on a typical
corresponding segment of the 20 dB att enuation I~ / -PQH .
(a) is neuron 710827 , run 16. (b) is model run 08/13 /76 .2 /3 .
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Figure 13. / a/~~PIHs of neuron 7 10827/11 and model 08/13/76 correspon-
ding to the /~~/-POHs of Figur e . (a) neuron run 7, (b) model
run 08/13/76 .1 /2 , (c) neur on run 15 , and (d) model run 08/13/76 .2 /2 .
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Figure 14. /a/_ PLHs of neuron 710827/ 11 and model 08/13/76 correspon-
ding to the /~~/-POHs of Figur e . (a) neuron run 16 , (b) model
run 08 /13 /76 .2/ 3 , (c ) neur on run 8, and (d) model run 08/13/76.1/3 .
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3. 5 THE VOWEL / a/

The alignm ents of the neuron fa f -POH s with their corresponding model

/aI-POH s and ROC COC 2 response segments are shown in Figures 15 and 16.

In Figure 17 a pitch period of the ROC COC 2 response is superimposed

on typical corresponding segments of the neuron and model 20 dB attenuation

/a/ -POH s. Notice that in some cases there are two peaks in the neuron fat -

POH corresponding to ROC COCZ response peak 3. Another observation is that

there is consistently more activity in the neuron /a/-POHs associated with

- 
- peak 8 than in the corresponding model histogram. As a matter of fact , in the

modePs~40 dB /a/ -POH, activity associated with peak 8 ceases altogether.

Overall, the correlation between the neuron arid model /a/-POH s is

good. As would be expected, the location of the peaks in the /a/ -PIH s also

compare favorably (Figures 18 and 19 and Table 9).

3. 6 THE VOWEL /~~/

The neuron /~~/-POH s are aligned with their corresponding model / / -

POHs and ROC COCZ response segments in Figures 20 and 21.

A pitch period of the ROC COC Z response has been superim posed on

typical corresponding segments of neuron and model /3/ -POH s in Figure 22.

The correlation of the neuron / zil-POH with both the Model /3/-POH segment

and the ROC COC 2 response is good.

It is remar kable that with this good correlation the neuron and model

10 dB /3/ -P IH8 are as different as they are (Figures 23 and 24 and Table 11).

The observations that the neuron / ~~/ -PIN s have prominent peaks at

short intervals and that the model / z/ -PIH s have prominent peaks at longer

intervals (3. 0, 5. 4-5. 6, and 6. 6 trisec) suggest that the neuron has a greater

tendency than the model of firing on adjacent peaks in the pitch period.

An observation can be made on the 40 dB run : the activity of the model is

much greate r than the activity of the neuron (355 intervals to 133 intervals).

44 Text continued on page 61
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Figure 15. /a/-POH~ from neuron 710827/11 (lower curve in (a) and (b) )
and model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 respons e , positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 6 , the model
run is 08/13/ 76.1/1 . and the stimulus is 3A , presented at an
intens ity of 10 dB . attenuation. In (b) the neuron run is 15 , the

~
• 

~ 
model run is 08/ 13/ 76 .2/2 , and the stimulus is 7B , presented
at an intensity of 10 dB attenuation.
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Figure i6. /a/-POHs from neuron 7 10827/ 11 (lower curve in (a) and (b)
and model 08/13/76 (mi ddle curv e in (a) and (b) ) and correspon-
ding segment from the ROC COCZ response, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 17 , the model
run is 08/ 13/76 .2-/ 4, and the stimulus is 8B, presented at an
intens ity of 20 dB attenuation. In (b) the neuron run is 8, the
model run is 08/13/76. 1/3 , and the stimulus is 4A , presented
at an intensity of 40 dB attenuation.
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Figure 17. A pitch period of the vowel /a/  supe rimposed on a typical
-
~ 
I corresponding segment of the 20 dB /a/-POH . (a) Is neuron

710827 , Run 17. (b) Is Model run 08/13/76.2/4.
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Figure 18. /a/-PINs of neuron 710827/i l  and Model 08/ 13/76 correspon-
ding to the /a/-POHs of Figur e . (a) neuron run 6 , (b) model
run 08/ 13/76. 1/ 1 , (c) neuron run 15 , and (d) model run 08/13 /76 .2 /2 .
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Figure 19. /a/-PIH s of neuron 710827/11 and Model 08/13/76 correspon -

ding to the /a/-POHs of Figur e - (a) neuron run 17 , (b) model
S run 08/13/76.2/4, (c) neur on run 8, and (d) model run 08/13/76.1/3.

- -— -—--5 ~~~~~~ i~~~~~5S-—~~~~~~ - ~~~ _ _ S ~~~~~~~
__

~~~~~~~~~~~~~~ _ i_ _ - -- -‘ - - 5 - --- ~~~~~~~~~~~~~~~ ~~~~
—__ --— .-- S



T~~ - ~r 1’~~EE:~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

TABLE 7

PEAK OCCURREN CE TABLE - VOWEL /~~/

I~ t.rpu1se 730827/ U 08/13/76. 1 730827/11 08/1 3/ 76. 2 73 0827/11  08/1 3/7 6. 2 710827/11 08/ 13/76 . 1
Intervs.I R~~ 7 R~~ 2 R~~ 15 R~~ 2 R~~ 16 R~~ 3 R 8

1.0 .002 .014
1.2 . 074 .017 . 134
1.4 .017
1.6 . 066 . 066
1 8  •~~95 .072 .055 . 134 .090
2.0 . 027 .05 8
2.2 .052
2.4 -

2. 6 . 107 . 086 .071
2.8 - .082 .105 .113 .065
3.0  . 099 . 123
3.2 .084 . 102
3.4 .05 1
3.6 . 070 . 0 8 1  . 1 1 5  . 058 - S

3.8 .050
-

- 
-~~~ 4. 0 .072

4.2 .081 . 077 . 088
- .119 .076 . 058

4.6 .045 .123
4 .8  .084

5.0 .033
5.2 .034 .073 .036 .072
5.4 - 

.038 . 049
5 .6
5 .8  .048 .04 1 .058 .041
6.0 . 074 .066 .064 

S
6.2 .027 . 088 .033
6.4 .062 . 064
6.6 .027
6.8  . 057
7 .0 . 040 .055

— 
7 . 2 . 077

?lo. Sample 
150 164 235 229 221 

- 
217 

- 

223 220

Av rag. 6.49 6.93 7.62 7.47 6.18 7.06 5.83 7.70

:~— 243 293 409 440 581 452 567 366

38(5) 38(5) 78(4 ) 78(4) 8A(1) 8A(1) 4A(2) 4A(Z)

~~t~~ Mty 10 10 10 10 20 20 40 40
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I TABLE 8
I: STIMULUS INTERVALS TABLE
: 1  VOWEL / 9/

# 3 4 4.4 4 4 4 4 # 4 4 4 4 4 4 4 4 4 4 4 4*3 4 4 4 4.4 4 4 4 4 4 4 + 4 4 - 3 4 4 4 4 4

4 INT ERVAL4 cUMuLus
4 3 44 4 44 4 4 44 4 4443 4 3 4

-~~ ‘- 38 ~ 79 ~ ~
4 44 44 444  4444  44 4 - 3  3 3 44  4 4453 4 44 5 3  344444 444 4 4 - 4 4 4 4

‘ .2 ~ 0 ~ 0 ~ C
~ .4 ~ 0 0 ‘ C C ~
~ .6 ~ 0 0 ~ C C ‘

~ .8 4 3 4 5 4 5 1 ~
1.0 ~ 6 10 ~ 8 4 1. ~

L 1.2 1 0 1 3 ‘

1.14 4 5 ‘ 6 ~ 7 1
~ 1.6 ~ 8 • 14 • 9 4

‘ 1.5 4 14 4 5 4 3 4 1 4

2 .0  1 5 5 C -3
I

: ‘ 2.2 ~ 2 ~ 4 • ~. ‘ 2 ‘
2. 14 ‘ 1 1 ‘ 1 C

;~~ 2.6 2 ~ 14 • 14 0 ~
‘ 2.3 ~ 5 5 ~ 14 4 2 ~

-- 1 ~ 3.0 ~ 3 6 ‘ 5 • 2
3.2 9 13 ~ 11 -~ 4

3. 14 ~ 1 ‘ 1 2 • 14
‘ 3.6 ~ 3 ~ L& • 0
‘ 3.3 -~ 2 ‘ 14 2 •
‘ 14.0 ~ I 1 1 ‘ 0
‘ Li .2  ~ 6 • 9 ~ 10 1 ~
‘ 4 .#  ~ 3 ~ 14 2 ~ 5
~ 14. 6 ~ 5 ~ 5 8 2 ‘
4 L&~~5 ~ 14 ~~ 8 -3 6 -  ‘ 4

‘ 5.0 ~ 0 ‘ 1 2 3 ‘

5.2 ~ 4 4 14 3 C •
5.14 ‘ 2 ‘ 14 2

-~~~~~ ~ 5.6 ~ ~1- ~ 2 -3 3 4 14
~ 5.3 ~ 5 ‘ 12 ‘ 12 ~ 1 ‘

~ 6.0 ~ 5 5 14 3 ‘

6.2 ‘ 2 14 1. 0 ~ -
-

‘ 6. 14 ~~ 2 ‘ 14 3 ~ 0 ~
6.6 1 ‘ 1 ‘ 2 -3 2 ~

~~ 

6 . 5  ~~ 3 
4 5 4 14 1 *

7.0 ~ 3 14 ‘ 14 0
‘ 7.2 ‘ 1 -~ 1~ 4 7 ‘
4 7•4 -3 0 • 0 ~ 4 2 ~ H
‘ 7.6 ~ 0 • 0 C 3
‘ 7.8 0 0 - C  C
4 8.0 0 0 2 ~
#44 44* 4 *4 44 44 4344 4444  444 34 44*  #4 -4444  4 3 4 4 4  4 - 3 4 4 4 4
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TABLE 9

PEAK OCCURRENCE TABLE - VOWEL /a/

lnterpul.e 73082 7/ 11 08/ 13/76 . 1 7 10827/ 11 08/ 13/7 6. Z 710827 /11 08/13/ 76. 2 710827/ 11 08 / 13 /76 . 1
IfltSYVal Rim 6 Rim 1 Rim 15 Rim 2 Rim 17 Rim 4 Rim B Rim 3

1 . 0  .007
1 . 2  . 062 .098 .0 17
1 .4  .03 1 .036 .016 5
1 .6  .019  . 020
1.8 .053 .048
Z. 0  . 062 .039 .065
2 .2  .045 . 055 .075
2.4 .059 .097 .1 06
2.6 .067
2.8  .077 .064 .102  .079 .091

4 3 .0  .063 . 096
3 . 2  5

3.4 .054
3.6  .043 .075 .077 .07 1
3 . 8  .074 .087
4. 0 .08 7 .095 . 077 .086 . 084 .096

- -- 4 . 2
4 .4
4.6 .080 .078 .084
4.8 .065 .095 .074 .084
5.0 . 082 .064

- 

- - 
¶ 5 .2  .~~44 .079

5.4
5.6 .056 .034 .034

_
5 

5.8 .062 .068 .044
6.0 .067 . 048
6.2 - 

. 060 .066 .067 . 047
6.4 -
6.6 .0 33
6.8 .036 .033
7.0 . 036 . 064 .026

No. ~~~$• 222 222 2 18 220 24 1 220 218 220
tht.rval.

Av.r.g. 7 .61  7.68 7.45 7 . 3 3  6.66 7.68 6 . 1 6  7. 42

N~~b.r
tht.r,a1. 338 415 419 440 561 431 478 660

S Vow.1
3A(4) 3A(4) 7B(3) 78(3) 88(2) 8B(2) 4A(3) 4A(3)

lnt.ns*ty 10 10 10 10 20 20 40 40

52
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TABLE 10

STIMULUS INTER VALS TABLE
VOWEL Ia!

= ‘ INTERV~AL ”  ~TL1LJLUS 4-

- -  ~
.

4 3 34 4 
7~~~ 

4- 4A ~

.2 ~ 4- 4- 4-

4 -~~ 3 — 4 4- - -3 -~ -3

.~~ ‘ 1 4- 3 4- 2

. 8  ~ ‘. 53 4- . 4’ f 4-

• • 4 
7 4- ~ 3 4

• i.2 . ~ 1. 4- • 1~~ 
4- 4-

4- 
~. . 1 4  4- 1.2 -3 1~-i- ~ i. ~. 

.. 4-

• 4- 4- 7 * -~ 4-

• 1.~~ 
4- ‘- 53 ., 4 — -3 4

— 
4- 2 .0  4- r~ 4- -~ 4- - .~ 4-

• 2 .2  * 7 ‘ 4 4- 2 4-

~ 2.. i. ~. 4- + 4- 4-

4- 2.6 4- 4- 4- 4-. 7 4-

• 2 .3  4- ‘ 12 4 i i  4- 4-

4- 3 .0  -3 1. 3 53 
• 

4 ie

• 3. 2  4- 4- 2 4-

+ 3. ,  4- 2 4- 3 4 7 4- 3

‘ 3 . o  1.2 • 4- 7 4-

4- 3.ä 4- .+ .4- 9 -~ 4- 
9 

4-

4- .+.~ ) 4-- 12 4- * 4- 
~ 1 4-

-3 ‘i.~~ 
4- 3 • 5 -3 — + -3

,.~~ 4-. -4- 4- — 4- 4-

4 . 6  4- 7 4. 7 •
• .,. 3 4-. 4 7 4 :1 4.

4 5 . .~ 
3 9 3 L u  -3 -3 9 4-

~.2  4- 4- 7 • 4- 2 4--

+ 7 . 4  4- 
‘, 

4- 3 4- 4- 4

5 
4- 4- 3 4- -4- 2 ~ 

4

5.8 4- £~ -4-

• • 7 4- ~ 4- • i: ‘

H • 6.2 4- 7 • 2 o ‘ 4-

6... 4- 2 • 4- - -3 2 4-

4- 2 4- * 7 4.

• ~~.. R 4- 4- 4- - 4- 2 4-

* 7.:3 4 .~ * :- 4-

• 7.2 4- 
- ‘ 4- 4-- 4--

-
S + 7. 4+ -J 4 ~. * 4-

4- 7 . t~ 
4- 4- C 4-

• 7 . 8  4- 4- 4- • 4- u 4--1 * 4- 4- — 4-

4 ’ 4 4 . 4 4 4 3 4 4- 4 4 3* 4 4 4 4 4- 4 43 4 3 4 3 4 4 4 4 44 4 4 3 4 4 4- 4 4 3 4 4 3 + 4 3
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Figure 20. / :7/-POHS from neuron 710827/11 (lower curve in (a) and (b) )

and Model 08/13/76 (middle curv e In (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , positive values
only (upper curve in (a) and (b) ). In (a) the neuron run is 7 ,
the model run is 08 / 1 3/76. 1/2 , and the stimulus is 3B , pre -
sented at an int ensity of 10 dB attenuation. In (b) the neuron
r~m Is 14 , the model ru.n Is 08/ 13/76 .2/ 1 , and the stimulus is
7A , presented at an intensi ty of 10 dB attenuation.
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FIgur e 2 1. /~ /-POH~ from neuron 710827/li (lower curve in (a) and (b) )5 5 

and Model 08/13/76 (middl e curv e in (a) and (b) ) and correspon-
ding segment fr om the ROC COC2 respons e, positive values
only (upper curve in (a) and (b) ). In (a) the neuron run is 16 ,: the model run Is 08/13/76.2/3 , and the stimulus is 8A, pre-sented at an Intensity of 20 dB att enuation. In (b) the neuron- 

run is 9, the model run Is 08/13/76 . 1/4 , and the stimulus is
4B , presented at an intensity of 40 dB attenuation.
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FIgure 22. A pitch period of the vowel / ~/ superimposed on a typical
corresponding segm ent of a 10 dB /~~/-POH. (a) is neuron
71082 7, Run 7. (b) is Model run 08/ 13/76.1/2.
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li- i
S 

- Figure 23. /~~/ -PIHs of neuron 7 10827/11 and Model 08/13/76 correspon-
ding to the /D/-POH5 of Figur e 20. (a) neuron run 7, (b) model

F I run 08/13/76. 1 /2 , (c) neur on run 14 , and (d) model run 08/13/76.2/1. 
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FIgure 24. /3/-PIHs of neuron 710827/11 and Model 08/ 13/76 correspon-
ding to the /3/ -PONs of Figur e 21. (a) neuron run 16 , (b) model
run 08/13/76.2/3 , (c) neuron run 9, and (d) model run 08/13/76. 1/4. —
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TABLE U

PEAK OCCURRENCE TABLE - VOWEL /~ /

luterpulae 730827/13 08/13/76 . 3 730827/ 11 08/13/76. 2 710827/11 08/13/76 . 2 710827/11 08/13/76. 1
Interva l 

~~~ 7 R~~ 2 Rm~ 34 R2,n I R~~ 16 
- 

RU1~ 3 A~~ 9 . 4

1.2
1.4 .270 .040 . 051 . 120
1. 6 .031 . 155 . 046

S 
- 1.8 .03 1

2.0 .034 .069 -

2.2  . 045
2.4 .2 3 2  . 059 .300 .063 .034
2.6 .080 . 023
2.8
3.0 . 064 .05 1 .07 6 . 045
3.2
3.4 .059
3.6 .09 1 .1 17 . 090
3. 8 . 072 . 107 . 102 . 14 6
4.0 . 300
4.2
4.4
4.6  . 040
4.8 .0 8Z S

5.0 . .095 .082 .071 . 087 . 060
5.2  .095 . 161
5.4 . 057
5.6 . 058
5.8  .065
6.0 .054 . 048 . 025
6 .2  . 046 .063 . 060
6. 4 -

6.6 .054 .053 .050 .040 .023 .037
6. 8 . - S

7.0 .023

218 
- 

211 226 216 137 157 194 204

Average 4.38 7.71 5. 23 7.86 7.11 7. 16 9. 10 7.75 
—

842 388 742 394 200 275 133 355

VOWSI 35(1) 35(1) 7A~~) 7A(1) BA (S) BA(S) 4B(5) 45(5)L~catio~
10 10 10 10 20 ZO 40 40
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TABLE 12

STIMULUS INTERVALS TABLE
VOWEL /3/

44 4 444 444 4 4 4 4 444 4 444 4 44 4 44 4 4 4 4 4 4 4 4 - 444 4 .

‘INTERVAL 4 STIMULUS
4 4 -444  444-444 - 4 4 4 4 4 4 4 4 4 . 4  4 # + + 4 t~~~44 4 4 . 4

4- 4- 3B 4- 74 -~ BA -‘ — B  -~
- 

- 
- 

4 - 44 4-4 4 4 . 4 44 4 4 4 4 4 4 4 4 4 4 4 4 . 4 4 4 4 4 4S 4 4 4 4 4 4 4 . 4 4 4 4 4 4 4 4 4 4 . 4

4- .2  4- 0 4- 0 4- C 4- 0 ~
4- 0 4- 0 • 0 0 4-

.6 ~ 0 0 -  4- 0 4- 0 ~ -

4- .8 4- 1. 0 4- 0 4- 0
- S 4- 1.~ 0 4- 3 4- ‘4 4- 3 0 •
H 1.2 4- 0 4- 1 ~ C -‘ 0 •

4- i . +  4- 14 ~ 1.1. 4- 9 4- 7 4-

1.6 4- 6 4- 5 4- 5 4- 6
5 4- 1.8 4- 0 -4- 0 4 0 • 0 4-

4- 2.0  ‘4- 5 4- ‘4 4- 2 4- 3 -4-

4- 2 .2  4- 2 -4- 2 1. 4- 14 4

4- 2. 14 4- 5 -4- 5 -4- 5 -4- 1 ‘
-4- 2.6 4- i. 4- 2 4- 1 4- C 4-

2.8 L1. -4- 4 4- 2 4- 1. 4-

4 3 .0 4- 6 4- 5 4- 5 4- 2 4-

4- 3.2 4- C 4- 1 ~- C 4- 1
• 4- 3 .4  4- 5 4- 2 4- 1 4- 2 4-

4- 3.6 .~4- & 4- 8 4- 5 4- 8 4-

5 4- 3ii 8 4- 7 4- 7 4- 4 # 5 4-

4- 4 3  4 14 4 ‘4 4- 5 4- 1 4-

r 4- -i- .2 4- 0 1 -4- C 4- 0 4-

4- 4.4 4- 0 4- 0 4- 0 4- 0 4-

~ L i . 6  4- 0 4- 0 4- 4- 0 4-
4- ~4.8  4- 14. 4- 3 • 1.. 4- C 4-

4 5 . 0  4- 11. 4- B 4- 6 4- 6 4-

~
-

- 
, 4- 5.2 4- 1~ 4- 6 4 3 4- 5 4

4- 5,~ 
4- 4- 6 4- 5 4 5 4-

4- 5.6 4- 0 4- 0 4- 0 4- 0 4-

V 4- 5.8 5 4- 3 4- 1. 4- 3 4-

4- 6 .0 3 ‘ 3 # 3 4- 0 ‘
4- 6.2 0 4- 2 4- 1 4- C 4-

6. 14 4- 9 4- 5 4- 3 4- 1 4-

4- 6.6 4- 1 4- 5 4- 3 4- 3 4-
‘ 6.8 4- ‘4 4- 3 2 4- ‘4 4-

4- 7.0 4- 0 4- 1. 4- 1. 4- 0 4-

7 .2 6 1 4- 0 * 2 4-

4- 7.~ 9 4- 10 4- 7 4- 9
7.6 4- 2. 4- 5 4- 3 -4- 0 4-

-4- 7.8 4- 14 4- 2 -4- 1 4- 0 4-

4- 5.0 4- 1 4- 3 4- 2 4- C 4-

44 4 44444 4  4 444  444 4  4444  444 44 4 - 4 4  4 444 444  44 44  4 -44  4 4 - 4 -

~~
_ _ _ _ _ _ _ _  
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3.7 THE VOWEL /~~/
S The neuron /~~/-POHs are aligned with their respective model /~~ /-

POHs and ROC COCZ response segments in Figures 25 and 26.

A pitch period from /~~/ is superimposed in Figure 27 on typical corre-
- 

spond ing segment s of neuron on model /~~/-POHs . The correlation between
the location of the pitch period, neuron /~~/-POH and model /~~/-POH peak s

- - is good. The model and neuron /~~/-PIH peak locations also correlate well.

3.8 THE VOWEL to!

- - The neuron /o/-POHs are aligned with their corresponding model /0/ -
POHs and ROC COC2 response segment s in Figures 30 and 31.

- In Figure 32, a typical pitch period from the ROC COC2 response at 10
S 

- dB attenuation is superimposed on the corresponding segment of the neuron

S 
/o/-POH, Run 7, and the model /o/-POH, Ru.n08/13/76. l/2. There are

two significant differences between the responses of the neuron and the model.
I First, the first neuron /a/-POH peak corresponding to ROC COC2 response

- 
peak 2 is generally smailer than the same peak in the model tat  -POH. Second ,

the neuron !a/-POH consistently has a peak corresponding to peak 4 of the ROC

COC2 response. The model /at-POH does not. This difference is reflected

- in the /o/—PIHs, Figures 33 and 34, where there is a peak at 4. 0 msec only

- 
- in the Model tot-Pm. Tbis peak can be associated with the time interval

between the positive zero-crossing points of peak s 2 and 5 in the ROC COC2
pitch period. The neuron is apparently firing at peak 4 instead of peak 5.

- 3 .9 THE VOWEL /e/

The neuron /e/-POHs are aligned with their corresponding model /6!-

POPs and ROC COC2 response segment s in Figures 35 and 36.

— In Figure 37 a pitch period of t~t is superimposed on typical corre-

sponding segments of the 10 dB /~~/-POH from neuron Run 6 and model Run

Text continued on page 78
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S Figure 25. t~~~!-POH s from neuron 7 10827/11 (lower curve in (a) and (b)
and Model 08/13/76 (middle curv e in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , positIve values only
(upper curve in (a) and (b) ). In ( a)  the neuron run is 6, the
model run is 08/13/76. 1 /1 , and the stimulus Is 3A , presented
at an intensity of 10 dB attenuation. En (b) the neuron run is 15 ,
the model run is 08/13/76. 2/ 2 , and the stImulus is 73, presented
at an intensity of 10 dB attenuation.
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Figure 26. /~~ /-POHs from neuron 710827/11 (lower curve in (a) and (b)
and Model 08 /13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , posItive values
only (upper curve in (a) and (b) ). In (a) the neuron run is 17 ,
the model run is 08/ 13/76 .2/4 , and the stimulus is 8B , pre-
sented at an intensity of 20 dB attenuat ion. In (b) the neuron S

run is 8, the model run is 08! 13/76. 1/3 , and the stimulus is
4A, presented at an intensity of 40 dB attenuation. j
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- Figure 27. A pitch period of the vowel /~~ ! superimposed on a typical
- corresponding segment of a 10 dB /~~ /-POH . (a) is neuron

710827/1 1 , Run 15. (b) Is model run 08/13/76. 2/2 .
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Figure 28. !~ /-Pm s of neuron 710827/11 and Model 08/13/76 correspon-

ding to the /~~ /-POHs of FIgure . (a) neuron run 6 , (b) model
run 08/13/76 .1/ i , (c) neuron run 15, and (d) model run 08/13/76.2/2.
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Figure 29. /$e/-PLMs of neu.ron 7 10827/ 11 and Model 08/13/76 correspon-
ding to the /ae /-POHs of Figure . (a) neuron run 17 , (b) model
run 08/13/76.2/4, (c)neur on run 8, and (d) model run 08/13/76.1/3.
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S TABLE 13

PEAK OCCURRENCE TABLE - VOWEL /~~/

Interpul.. 730R:7/11 08/13/76. 3 710827/11 08113/76.2 710827/11 08/13/76. 2 710827/11 05/13/76.1
lnt.rv *I 

~~~ 6 ~~~ ~;- — 2 ~~~ 
I?  4 — 3

1.0
1.2 . 030 . 123
1.4 .08 5 . 10, . 024 .04 5 o4s
1 .6 .041
1.8 .017 . 005

k 2.0 .049 .024 . 036
2.2
2.4 IS)
2 .6 .08 5 .113 .127 .07’ . 1 2? . 115
2.8 . 1 5 1
3.0
3.2 .02 1
3.4 . 087 . 123 .050 .023
3.6 .064
3.8 . 127 .065 . 065 . 1 69  .164
4.0 .061

- 
- 4 . 2 . 025

4 .4
4.6 .035
4.8 . 099
5. 0 . 068 .057 . 090 .055 .0$~ . 123 . 1 2 6
5.2
5.4r - i 5.6 .033
5.8 .030 .041 . 005

6.0 .066
6.2 .052 .046
6.4 .053 .089 . 082 .067 081

6.6 . 045 .03 1

________ S...

No. Si~~pls S
S I~ts rv..1. 224 225 221 212 221 230 120 134

Av. rage 7.06 7 .54 5.46 7 . 40 7 .41 7 .58 5 .29 6 .3 1

N~~~b.r
S nt.rw.1 . 425 416 677 402 424 448 195 ZZ2

3A(3) 3A(3) 75(1) 73(1) 88(3) 83(3) 4A(5) 4A(5)

1$t D.ity 10 10 10 10 20 20 40 40

L ~~~~~ 
_
~ 
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TABLE 14

STIMULUS INTERVALS TABLE
VOWEL

3*4 4 4 3  4 4 4 4  44 4 44 4 44  4 3* 43 *4+ 44*  434 #4 4 4 4  44 44 -3 4

INTERVAL STIMULUS
• 3 43 4* 4 4 4 4* *4 * 3 4 4 4 4 4 4 4 4 4 4 4 - # 4 4* + 4 4 4 4 4 4 4

• ‘ 3A • 79 • 53 • 4

• .2 0 • 0 • 3 • C
• .‘. • 0 • 4 0 0
• .6 0 C C ~ 0
• .8 0 0 ‘ 1 C

1.0 • 3 1 2 1 ‘

• 1.2 21 • 21 2~ • 13
1... ii 4 Ii. ~~ 12 ~
1.6 • 1 1. 1 1
1.8 • 0 3 C
2 .3  0 ~ 0 C ~ 3
2.2 3 1 3 1.
2... 12 11 ~ 9 ~ 7 4

2.6 • 16 18 20 9
2 .8  4 3 3 2 •
3.0 0 • 0 0 3

‘ 3.2 0 4 3 0 0
4 3~~LI 2 ‘ 0 2 0

3.6 . 6 6 1 3 4

F -~ 3.8 21 15 -~~ 19 12 4

4 4 ,3  4 3 • 8 ‘ 9 3
‘ 4.2 ‘ 2 3 ‘ C ‘ C ‘
• ..L~ 0 0 0 C •
‘ 4 .6 2 - 0 i. 4 C
4 £~,5 • 4 2 2 1
• 5.0 17 16 14 - 

‘ 10 ‘

‘ 5.2 6 10 1.. 5 ‘

‘ 5• 1+ 3 • 3 2 ‘ 1
•- 5.6 • 1 4 3 • 0 05

5

~ 

5.8 1 • 0 3 * C ‘
- - ‘ 6.3 5 ‘ 1. 2 • 1

5.2 10 4 9 -4 7 *
5.’. 13 015 ‘ 15 8
6.6 ~ 4 5 5 2
6.8 2 • 3 C C

• 7.0 • 0 • 0 0 0 -S

4 7.2 • 0 0 0 CH • 7.’. ‘ 0 ‘ 0 0 ~ 0
4 7.6 C 0 ‘ C 0 ‘

4 7. -S • 0 • 0 ‘ C ~ C
• 8.0 • 3 - 0 0 * C
4 4  3 4 4*4 4 4  444 44 4 4 4  4444  4 4444. 4 44 4.44444 *44 44 44 4445 3
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TABLE 15
S PEAK OCCURRENCE TABLE - VOWEL /0/

Interpul.e 710827 / 11 08/ 13/ 76 .1 710827/11 08/13 /76.2 710827/11 08/13/76.2 710827/11 08/ 13/76. 1
Int.rv*1 Ibm 7 Run 2 Run 15 p 2 Run 16 Run 3 R~~ ~ . 3

1.0
- - 1. 2 .053

7 .4  .089 .022 .045 .018
1.6 . 050 .049 . 028

L 1.8 .044 . 026 .035
2.0 .079 .056 .055
2 .2  . 091 .085 .056

- 2.4 . 099 . 087 .035
2 .6 .058 .063 .047
2.8 .077
3.0 .049 .042 . 044
3.2 .069

-~~ ~ 3 .4  .117  .074
3.6 .091 .064 .060 .097
3.8 5 . 061
4.0  .083 .053 .068

- - 4 .2 . 066
• 4 .4  .064 .087

4.6 .058 . 077 . 103
-

- 
4.8 .058 .068 . 009
5.0

1 
5.2 .074
5 .4  . 026
5.6 .083 .037

- 5.8 .050 .0 61 .072 . 111
6.0 .043 .009
6.2 .058 .039 .0~~ .066 

. 053 .053
6 .6 .030

.041 .047 .063 .032
7.0 .058 . 036

- No. Sample
btsr,.I. 209 203 215 207 218 204 212 205

A v.ra~e 6 .51  7.46 7.22 7.68 7.65 7.45 11 .2 1 7.99

4% 360 412 366 361 3S2 114 34 1

Vøw,l 
35(4 ) 33(4) 7B~Z) 73(2) 8A(2 ) SA(2 ) 4A(4) 4AM)

70 10 70 10 20 20 40 40
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Figure 30. /o/-POHs from neuron 710827/11 (lower curve in (a) and (b)
and Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COCZ respons e, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 7, the
model run is 08 /13/76. 1/2 , and the stimulus is 3B , presented
at an intensity of 10 dB attenuation. In (b) the neuron run is 15 ,
the model run Is 08/13/76. 2/2 , and the stimulus is 7B , presented
at an intensity of 10 dB attenuation.
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j Figure 31. /o/-POHs from neuron 710827/11 (lower curve in (a) and (b)
and Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , positive values only
(upper curve in (a) .and (b) ) . In (a) the neuron run is 16 , the
model run is 08/ 13/76 .2/ 3, arid the stimulus is 8A, presented
at an intensity of 20 dB attenuation. In (b) the neuron run is 8,
the model run is 08/13/76. 1/3 , and the stimulus is 4A , presented
at an intensity of 40 dB attenuation. 
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Figure 32. A pitch period of the vowel /0/ superimposed on a typical corre~-ponding segment of a 10 dB /o/-POH. (a) is neuron 710827/l i ,
Run ?, (b) is model Run 08/13/76.1/2.
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Figure 33. /o/-PIH s of Neuron 710827/ 11 and Model 08/13/76 corresponding

~~ 

to the /o/-POH s of Figure 30. (a) neuron run 7, (b) model run
08/13/76. 1/2 , (c) neuron run 15, and (d) model run 08/ 13/76 .2/2 .

73

~~~~~~~~~~~ 
E_~~~~~~~~ 45S4 ta~~~~~~~~~~ &55. 

— 
_ . __ 5s ~5 5 _ . S S 5 5 _ _ . S . ~~~~~~~~~~~~~~~ ~__.~____~_____~

__ — —— ,..— S!—&. s._SS - ..S

__ 
~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - —5- SSAS~~SSSSS~ SS_S#



H.-~~. _____

0
.4

-
~~~~

.4

9

=0
S . — a

C
C.,

p.495 -

• 

8~_ __ _  

_ __
Cb OO 5.00 10.00 15.00 20.00 ~~.00 5.00 10.00 15.00 20.00

INTERPULSE INTERVAL . PISEC INTERPULSE INTER VAL. tISEC
ricu~ 710527 • 21.. 16. FIGURE LECI. 0 • 05/15/75.1 3. -

DEFINING INTERYRLS 233 TO 450 OCFINING 1NTERV~L5 220 TO 432avE~~ c $ 7.~~ NUIIOER 0? INTEItYffi.5 = 361 PVERNGC S 7~ 44 NUIIBER or INTER VRLS a 352

ID
1111 11 0.

= 1111 1 0

~~! 1111!
0~ 11.11
I~J

‘

~~~~

.b’  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ _ _ _  _ _ _ _ _ _ _ _

Cb oo 5.00 10.00 16.00 20.00 ~b.oo 6.00 10.00 15.00 20.00
INTERPULSE INTERYRL. PISEC INTERPULSE INTER VAL , IISEC

FIOUIE 710527 • 11.. 5. ?JOUIE LXtT . U • 05/13/75.1. 3.
DEFINING INTERYRLO $65 TO rio DEFININO- INTERVRLS 661 TO 665

a 11.23 NUII5LR 0? INTERYflU ‘ 134 RYEIAGE * 7.09- NUPISER OF INTERYRU $ 341

Figure 34. /o/-PIHs of Neuron 7 10827/ 11 and Model 08/13/76 corresponding
to the /o/-POH s of FIgure 31. (a) neur on run 16 ,(b) model run
08/13/76.2 /3, (c) neuron run 8 , and (d) model run 08/ 13/76.1/3.
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TABLE 16
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~1- 
STIMULUS INTERVALS TABLE

VOWEL /o/

S - 4 4 4 44 44 44 44 4 4 44 4 44 44 4 44 4 4 44 4 4 4 4 4  44 4  44 - 4 4 4 4 . 4 4

4INTERVAL STIMULUS 4

4 4 . 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  44 4 4 4 4 4 4  4 4 4 4 4

‘ 3B ~ lB ~ 8A L~A 4

#44+ # 4* 4 4 4 4 4 4 4 4 4  4*4*4  4 4* 4 4 4 4 4 4 44 4 4 4  # 4 4 4 45 4

‘ I 
- ~ .2 ~ 0 ‘ 0 ~ C 0

# 0 ~ 0 ~ C 0 ~
4 1  .6 0 ~ 0 ~ 0 0 ~

-
- 

45
• .8  ‘ 0 ~ 0 0 C ~~

-~~ 1.0 0 ~ 0 -~ 0 - 0
1.2 ~ 3 ~ 4+ 2 ~ 2

4 j , L~. ~ S 4+ 8 4+

‘ 1.6 ~ 4+ -‘- 5 ~ 4+ 2 ~
5 1.8 1 - 2 ‘ 0 0

S 
- ~~ 2 . 0  ~~ 7 4 7 # 9 ~~ 5 

#
- I 2.2 2 ~ 2 • 1 • 0 ~

~ 2. 14. ~ 0 0 C ~ C
S ~ 2.6 ~ 3 • 4+ 1 ~ 0

~ 2.8 ~ 5 4 4 4 7 ~ 4+

~ 3.0 ~ 0 ~ 0 0 0
-~~ 3.2 ~ C ~ C ‘ C ~ C ~
‘ 3.4+ 4+ 3 ‘ 5 ~~ 7 ~~

3.6 . 5 4 6 5 -
~~ 2 ~

~ 3.8 ~ 0 ‘ 1 -~~ 0 ~ 0 ~
4 4 , 3  4+ ‘ ‘4 C ~
‘ ‘4 .2 ~ 5 ~ 5 ~ 1~ 0

‘ ‘4 .4+  ‘ - 0 ~ 0 ~ 1 0
‘4 . 6 ~ 2 ~ 3 ~ 1 2 ~

~~ ‘ 4 . 8  6 ‘ 5 ~ 6 ~
5.0 ~ 0 • 0 ~ 0 ~ 0 ~
5.2 • 0 • C 0 ‘ C
5. 4 + 3 2 -~ 4+ 5

~ 5.6 ~ 6 ‘ 7 6 4 0 ~

~ 5.8 ~ 0 ~ 1 ~ 0 ~ 0
6 .0 ~ 1 ~ 1 0 0 ~

‘ 6.2 4 5 5 -~ 6 ~ 4 ‘

~ 6.4+ -4 2 2 ~ 2 -4 C ~
2 • -2 1 4 2

‘ 6.8 ~ 5 • 6 • 6 -~~ ‘+
7.0 5 ‘ 3 6 2
7.2 0 ‘ 1 0 0

• 7 . 4 +  0 ~ 1 • 0 0
0 -4 0 -4 0 -8 C -4

7 .8 • 0 • 0 0 0
~ 8.0 0 • 0 C 0 ~4 4 4 4 4 # 4 4 4* # 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 # 4 4 4 4 - 4 4 4 4 # 4
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TABLE 17

PEAK OCCURRENCE TABLE - VOWEL /€/

lnterpul.e 710827/ 11 08/ 13/76 . 3  710827/11 08/ 13/76. 2 710827/ 11 08/ 13/76 . 2 710827/11 08/13/76 . 1
Interval Run 6 Run I Run 15 Run 2 Run 17 

- 
Run 4 Run 8 R~~ 3

1.0 .003
1.2 .006
1.4 . 122 .043 . 054
1.6 . 073 .067 .057 .076
1.8
2.0 . 069 . 059 .083
2 .2 . 043 . 060
2.4 

- 
. 049

2.6 . 047 .040
2.8 .052 . 096 . 049 .057 -
3.0 . 042 5

3 .2 .310 . 163 -
3 .4 .058 .093 . 077 . 121
3.6
3.8 . 086 .074 - —

4. 0
4.2 .040 . 079
4.4 . 047
4 .6 .054
4 .8 . 307 . 079 .072 .075
5.0 .138
5.2 .06-4 . 103 • 073 .078

. 062 .030
5.6
5.8 . 064 .020 . 052 .024 .048 - . 008
6.0 - . 047
6.2 . 052 . 016 —

6.4
6. 6
6 .8  .073 .043 . 079 . 089 . 106
7 .0  . 059 . 054

No. Sam ple 159 167 105 118 199 - 202 211 207

Avsra g. 
- 

7. 26 7. 22 
- 

6.81 6. 84 6. 70 7. 24 9. 62 7 . 69

172 300 116 164 405 371 167 369

3A(5) - 3A(S) 78(5) - 78(5) 8B(1) 8B(1) 4A(1) 4A(1)

10 10 10 10 20 20 40 40
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TABLE 18

E STIMU LUS INTERVALS TABLE
VOWEL /~~/

4 4 4 4 4 4 4 4 4 # 4 4 4 # 4 4 4 4 4 4 4 #44 4 .4 4 4 # 4 # 4 + 4 4 4. 44 4 . 4.4 4 4+4 4

INTERVAL STIMULUS
4 # 4 4 5 4 4 4 4* 4 4 4 4 4 4 4 4 4 4 # 4 4 4 4 4 4 4 4 # 4 4 4 - # 4 4* 4 4

• 3A 79 • 88 ‘ 4

4 4 4 4 4 4 4 4 4 4 4 # 4 # 4 4 4 4 # 4 4 4 4 4 4 5 4 5 4 5 4 4 4 4.4 # 4 # 4 4 4 4 4 4 4 4 4 4 4

.2 • 0 • C 0 0 -~~
5 

.4 • 0 • 0 - C -# 0 ‘

• .6 0 0 0 ‘ 0
.8 1 8 3 0 0

4 j • 3  4 0 0 0 0
1.2 1 1 ~ C 1

-
~~~~ 1. Li 1 1 1 ‘ 3

• 1.6 ~ 12 • 7 13 4 14 ‘

~ 1.8 ‘4 3 • 6 ‘ 3 4

2.0 2 2 3 “ 4

2.2  C ~ 0 • C
2. 1+ • 1. 1 C ‘ 0 •
2.6  • C • I • 0 1
2.8 1 ~ 1 ~ 0 - 0
3.0 1 1 1 ~ 3

• 3 . 2  * 6 2 • 6 ~ 8 ~
- 3 .4+ • 7 6 9 5

3.6 4+ 2 5 6
• 3.8 0 ‘ 1 1 1 ‘

4,0 ~ 0 0 • 0 0
~ ‘4 .2 • 1. 2 0 1
4 4, 14. 1 1 0 ‘ 0
4 4.6 0 • 0 • 0 • 1

14. 2 1* 4 7
5.0 • 7 4+ 7 4. ‘

4 5 , 2 4. 3 • 7 • 7 ‘

• 5, 14. ~ 2 2 • 3 3 ~
5 . 

5.6 0 0 • 0 • C
• 5 .8  

-~~ I 2 .  0 1 • —

-
S 6 .0  1 1 0 0

6.2 • -~ 0 • 0 0
• 5.4 2 1 • 1 5
• o.6 • 3 2 4+ ~ 1

6.8 8 5 -~~ ±0 • ii
7.0  3 • 2 5 ‘4
7.2 1 ~ 1 • 0 4 C ~~-

4 7 • 1~ • 0 1 0 0 ‘

• 7.6 1 • C 0 1
• 7 .8  ‘ 0 • 1 • 0 0 •
• 8.0 ‘ 0 • 0 • 0 • 0
4 44  444  444.  44 44  44 4 4 44 4 4  444  44 444  44 .4444  4-4 444  #4 4 4 4 4
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08/13/76. i/I (Figu.re 35a). The correlation shown is also typical of that

found in the other 10 dB run (Figure 35b) and the 20 dB run (Figure 36a). - 

-

The correlation between the neuron and model position of the histogram peaks

with respect to the pitch period peaks is good. Generally the model histogram

peaks are sharper than those of the neuron.

The /E/-POHs do not provide any additional information. In part this

is due to the fact that in all but the 20 dB run the number of intervals used to

compute the histograms was too low for a reliable interpretation. (Evidence

for this is the relatively low correlation in the location of the peak s between -:
the two 10 dB neuron /t/-PIHs.)

A final observation: The average firing rates for the two 10 dB and the

20 dB runs ar e acceptably close. The firing rate for the model 40 dB run is

significantly greater than that of the corresponding neuron run.

3.10 THE VOWEL /I/

S The neuron /I/-POHs are aligned with their respective model /I/-POHs
and ROC COC2 response segments in Figures 40 and 41.

S 
The consistent correspondence between pitch period and its /I/-POH S

segment is shown in Figure 42. The notable difference between the neuron
— and model activity is that neuron activity associated with pitch period peak 4

consistently occurs a couple of sample intervals earlier than the peak itself .

• 
- 

S This structure is also revealed in the neuron f I/-PIHs: peaks occur at 3.0-
3. 2 msec in the neuron /1/-PINs, corresponding to the intervals between peaks

in the neuron /I/-POH associated with pitch period peaks 1 and 4, but there

are no such peaks in the model /I/-PIHs.

Furthermore, the interval between positive-slope zero-crossing points S

of peaks 4 and 1 is 3. 6 msec and the corresponding interval between parts —

5 
1 and 4 is 5. 6 macc. Both intervals show up as peaks in the model lI/-PINs.

Text continued on page 91 
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Figure 35. /L 1-POHs from neuron 710827/1 1 (lower curve in (a) and (b) )
and Model 08/ 13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 respons e, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 6, the model
run is 08/13/76.1/1 , and the stimulus is 3A, presented at an
intensity of 10 dB attenuation. In (b) the neuron run is 15, the
model run is 08/1 3/76. 2/2 , and the stimulus is 7B , presented
at an intensity of 10 dB attenuation.
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Figure 36. /~ /-POHs from neuron 710827/11 (lower curve in (a) and (b) )
S and Model 08/13/76 (middle curv e in (a) and (b) ) and correspon-

ding segment from the ROC COCZ response, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 17, the
model run is 08/13/76.2/4 , and the stimulus is 8B , presented at
an intens ity of 20 dB attenuation. In (b) the neuron run is 8 , the
model run is 08/ 1 3/76. 1/3 , and the stimulus is 4A, presented
at an intensity of 40 dE attenuation.
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Figure 37. A pitch per iod of the vowel /E./ superimposed on a typical
corresponding segment of a 10 dB /E/-POH. (a) is neuron
710827/ 11, Run 6, (b) Is Model run 08/13/76.1/1.
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Figure 38. /L/-PIHs of neuron 710827/11 and Model 08/13/76 corresponding
to the /L/-POH s of Figure 35. (a) neuron run 6 , (b) model run
08/13/76.1/1 , (c) neuron run 15 , and (d) model run 08/ 13/76.2/2 .
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Figure 39. fE/ -PINs of neuron 710827/ 11 and Model 08/13/76 corresponding
to the /€I-PONs of Figure 36. (a) neur on run 17 , (b) model run

- - 

08/13/76. 2/ 4 , (c) neuron run 8, and (d) model run 08/ 13/76 . 1/3.
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Figure 40. /t/-POHs from neuron 710827/i l  (lower curve in (a) and (b)
and Model 08/13/76 (middle curv e in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response , positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 6 , the model
run is 08/13/76.1/i , and the stimulus is 3A, presented at an
intensity of 10 dB attenuation. In (b) the neuron run is 14, the
model run is 08/13/76.2/1 , and the stimulus is 7A , presented

~~~ at an intens ity of 10 dB attenuation.
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Figure 41. /I/-POHs from neuron 710827/11 (lower curve in (a) and (b) )
and Model 08/1 3/76 (middle curve in (a) and (b) ) and correspon-

— ding segment from the ROC COCZ respons e, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 17 , the model
run is 08/13/76.2/4, and the stimulus is 8B , pr esented at an
intensity of 20 dE attenuation. In (b) the neuron run is 9, the
model run is 08/1.3/76. 1/4, and the stimulus is 4B, pr esented

— at an intensity of 40 dB attenuation. S
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- Figure 42. A pitch period of the vowel /1/ superimposed on a typical corres-
pondin g segment of a 10 dB /t/ -POH . (a) is neuron 7 10827/ 11 ,
Run 6, (b) is model run 08/13/76.1/1.
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Figur e 43. / 1/-PINs of neuron 710827/ 11 and Model 08/13/76 corresponding
to the / 1/-PON s of Figure 40. (a) neuron run 6 , (b) model run
08/13/ 76 .1/1 , (c) neuron run 14, and (d) model run 08/13/76. 2/1. 
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Figure 44. /1/-PINs of neuron 7 10827/l i  and Model 08/13/76 corresponding
to the /I/-POH s of Figure 41. (a) neuron run 17 , (b) model run

1 08/13 / 76 .2/4 , (c) neuron run 9, and (d) model run 08/13/76. 1/4.
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TABLE 19

PEAK OCCURRENCE TABLE - VOWE L /1/

S 

lnterpulse 710827/11 08/13/76. 1 1 710827/11 08/13/76.2 71082~7Ti ~~7ii7~~i 7 1082 7/ 11 08/ 13/76. 1
S lnterv-&1 

. 6 ~un ~ Run 14 Run 1 Run 17 Run 4 Run 9 Run 4

1.2 .079 .005 .068
1.4 .045
1.6 .003
1.8

L 2.0 .164 .094 .080 .111 .032
2.2 . 034 .110 . 040
2 .4 .0 80
2.6 .065 .068 .059 .011 .057
2.8 .066
3.0 .051
3.2 .068 .070
3.4 .046 .034

~~ 3.6 .050 .066
3.8 .115 .068 .076 .095

- - 
- 

4.0 .107 .127 .067
4.2 .092 .094 .303 .023
4.4 .106
4.6 .034 . 080 .023
4.8 . 086
5.0 .047 .041
5.2 .067
5.4 . 046

F 5.6 .058 .034
5.8 .066 .034 .080 .054
6.0 .058 .068 5

6.2 .066 .025 .023 .051
6.4 .042
6.6 .017
6.8 .015 .018 .027 .029
7.0 .041 .101

No. Sample
Interval. 202 197 221 200 147 156 205 210

Average 5.06 7.37 7.59 6.94 7.52 7.03 10.39 8.82

Number 617 382 413 395 119 263 177 314Intervals

Vow~1 3A (I) 3A (1) 7A(2) 7A(2) RB (S) 85(5) 4B(4) 45(4)
Location

Int n.jty 10 30 10 10 20 20 40 40
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TABLE 20
p STIMULUS INTERVALS TABLE

VOWEL /1/

44. 44. 4 44 4 4  4 4  4 4 4 4 4

•INTERVAL’ STIMULUS
• 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4444 .4 444444 4 4 4 .444

~ 3A ~ 7A • 88 1.8
4 4 4 4 4 4 4 44  4 4 4 4 4 4 4 4 4 4 4 4  44 44  4 4+4 4 4 4 4 4 4 4  4 4 4 44 4

• .2 0 0 0 • 0 ~
~ .1. 0 0 0 ~ 0

.6 ~ 1 ~ 2 ~ 1 ‘ 2 ~
~ .8 1. 2 2 • 0
~ 1.3 ‘ 0 0 0 0
• 1.2 ~ 0 4 0 1 ~ 0 ~
~ 1.1. 2 0 1 ~ C
~ 1.6 ~ 3 1. 2 ~ 0
~ 1.8 14. • 5 • C

H • 2.0 • 11 • 9 • 6 0
2.2 • 3 ~ 2 ‘ 3 C
2. 1+ ‘ 2 ~ . 1 +  ‘ 2 • 4

• 2.6 4 1+ 2 2 ~ C ~
~ 2.8 0 • 0 0 0 ~
~ 3.~ ‘ 0 ~ 0 ~ 1 ~ 0 ~

3.2 0 • 0 • 0 • C ~
3• 1~ ~ 2 ~ 0 ~ I 0
3.6 ~ 3 1+ ~ 2 0

~ 3.8 ~ 1+ 5 ~ 3 • 0
~ ‘..0 • 8 ‘ 6 4 5 ~ C

14. 2 ~ 5 1. 4 C ~
4 L4.~~14 2 ~ 14. 1 ~ C •
~ + .6 ~ 4 ~ 2 ~ 3 C ~
• 14.8 ‘ 0 • 0 • 0 C •
~ 5.0 ~ 0 0 1 C ~
~ 5.2 0 0 C ~ C ~4 5,14. ~ 2 • 0 0 C
~ 5.6 • 3 • 1~ 4 3 ~ 0 •

‘H • 5.8 • 1~ • • 2 • a
6 .0 5 1+ L~. • C
6.2 7 • 6 1~ 0 4

‘ 6.14. 2 £~ 2 ~ 0 4

6.6 4 1. 1 2 0
4 6.8 0 ~ 0 0 C ~r • 7 .0 • 0 • 0 1 0

7.2 2 ~ 0 0 C
~ 7• 1 2 ‘ £4. ~ 3 ~ 1 •
4 7.6 • 1 • 0 3 0

7.8 0 0 0 C
• 8.0 • 11 4 10 • 5 2
444  444 #44  44  #4  *4 4 4 44 4 4  4 4 4 4 4  444  44 44 4 4  4 44 4 4  # 4  4 4 4 4
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3.11 THE VOWEL /u/

The neuron/u/-POHs are aligned with their corresponding model /u/ .-
POHs and ROC COC2 response segments in Figures 45 and 46.

In Figure 47 about one pitch period of a ROC COC2 response is super-
imposed on typical correspondin g segments of the neuron and model /u/ -POH.
It is easily seen that , in addition to firing on the prominent peaks of the ROC
COC2 waveform, the neuron also fires at a point of inflection (2 in Figure 47a),
on a small peak whose magnitude remains below zero (5), and on two small
positive magnitude peaks (7 and 8). The model, on the other hand, fires only
on peak 8, and then only in the 10 and 20 dB runs.

Since the peaks in the 10 dB /u/-POHs are about I insec apart and there
is no 1 rnsec interval peak in the neuron lu/-Pm, it is probable that the neuron
skips its first opportunity to fire after producing a pulse; it fires on any sub-

sequent opportunity .

3.12 THE VOWEL /i!

The neuron and model /i/-POHs and corresponding ROC COC2 response

segments are aligned in Figures 50 and 51.

In Figure 52 about a pitch period of the ROC COC2 response is super-
imposed on typical corresponding segments of neuron and model /i/-POHs.
It can be seen that both the neuron and model fire at approximately the same

points in time with respect to the pitch period peaks (see below). Model peaks
are, however, much sharper. Furthermore, as can be seen from the ‘~nuznber
of pulse intervals ” row in the Peak Occurrence Table, Table 23, there are,
on the average, more pulses per peak in the Model’s /i/-POHs.

There is considerable variability between the two neuron 10 dB /i/-PIHs :

• there are five peaks that match in location but, between the two histograms,
there are four peaks that do not match. The peak in the Model l i/ - Pf f i  that
Is consistently not matched by a peak in the neuron /i/-Pm is at 4. 6-4. 8 macc.( .1

91
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This is the interval between peaks 1 and ~ in Figure 52b. In the neuron

POH the interval between peaks of activity corresponding to peaks 1 and 5

measures 5.4-5. 6 macc, and the neuron /i !-PIHs have peaks corresponding

to this interval.

I

Text continued on page 107
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TABLE 21

PEAK OCCURRENCE TABLE - VOWEL / u /

Int.rpuls. 710827/11 08/13/76. 2 710827/12 08/23/76.2 710827/U 08113/76.2 710827/11 08/ 13/76. 1
Interval 

~~~ 6 R~~ 2 R~~ 14 Ron 2 Rim 37 
- 

Ron 4 R~~ 9 Rim 4

1.0 .006 .013
1.2 .083

• 1.4 _ .O52
1.6 .022 .010
2.8 .064 .046 .083
2.0 .079 .049

- • 2.2 .061 .102 .083
2.4 .079 .036

• 2.6 .121 .105 .099
2.8 .070 .060
3.0 .069 .056 .048 .068
3.2 .048
3.4 .008
3.6 .061 .060 .041

• 3.8 .065
4.0
4.2 .076 .105 .085 .066
4.4
4.6 .108 .111 .147
4.8 .108 .066 .118
5.0 .024
5.2 .052 .083
5.4 .044 .056 .018 .015
5.6 . 043 .026
5 . 8  . 041 . 030

J 6.0 .044 .010
6.2 .064 .046 .054
6.4 .035 .048 .007 .016 .049
6.6
6.8 . 050 . 042
7.0 .044 .081
7.2 .331 .105

1lo. Sainp e 
179 175 177 178 179 178 179 181

Average 
- 

6. 61 7.23 7. 84 7 . 10 8.75 7. 58 8. 37 9. 14

343 315 250 305 197 323 168 263

3A~2) 3A(2) 7A(4) 7A(4) 8~~(4) 85(4) 45(2) 45(2)
Location

Int.n~1ty 20 10 10 10 20 20 40 40

• ¶
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Figure 45. /u/ -POHs from neuron 710827/11 (lower curve in (a) and (b)
and Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment fr om the ROC COCZ respons e, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 6, the model
run is 08/13/76.1/1, and the stimulus is 3A, presented at an in-
tensity of 10 dB attenuation . In (b) the neuron run is 14, the
model run is 08/13/76.2/1 , and the stimulus is 7A, presented at
an Intensity of 10 dB attenuation.
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Figure 46. !u./-POHs from neuron 710827/li (lower curve in (a) and (b) )
and Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COCZ response, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 17, the model
run is 08/13/76.2/4, and the stimulus Is 8B, presented at an in-
tensity of 20 d.B attenuation. In (b) the neuron run Is 9, the
model run Is 08/13/76. 1/4, and the stimulus is 4B, presented at
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• • Figure 47. A pitch period of the vowel /u/ superimposed on a typical cor-• responding segment of a 10 dB /u/-POH. (a) is neuron 710827/li ,
Run 6. (b) is Model Run 08/13/76.1/i.
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Figure 48. /u/-PIBa of neuron 710827/11 and Model 08/13/76 corresponding
• to the /u/-POH5 of Figure 45. (a) neuron run 6, (b) model run

08/13/76.1/1 , (c) neuron run 14, and (d) model run 08/13/76. 2/1.
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Figure 49. /u/-PT.Hs of neuron 710827/11 and Model 08/13/76 corresponding
• to the /u/-POHs of Figure 46. (a,) neuron run 17, (b) model run

08/13/76,2/4, (c) neuron run 9, and (d) model run 08/13/76.1/4.

98
___________ 

~~~~~~~~~~~~~~~~~~~~~ ~---— .~~—~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~ • • •~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~



_____ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 2_~~~~~~’T’~~~ ~ri-~ ::;;~z’-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~

_ a — - Va

_ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Hk L IL, iL .., L I L~ Ji.~~
k ~~ -• N ~~ U

-~~~~~~ -~~~ ~~~~~~~ .~~~~~~~~~~~ A ~~~~~~~~~~~~~~~~~~~~ A ~~~ -~~A ~~~

L k . L ~~ L~. L L~ L. L.
p. I~VU-.~ A JIU , ~~~~~~~~ 

.

Figure 50. /i/-POHs from neuron 7 10827/ 11 (lower curve in (a) and (b) )
and Model 08/13/76 (middle curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 response, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 7, the model
run Is 08/13/76. 1/2, and the stimulus is 3B, presented at an in-
tensity of 10 dB attenuation. In (b) the neuron run is 14, the model
run Is 08/13/76 . 2 / 1, and the stimulus Is 7A, presented at an in-

• tens Ity of 10 dB attenuation.
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Figure 51. /i/-POHs from neuron 710827/11 (lower curve in (a) and (b) )
and Model 08/13/76 (middl e curve in (a) and (b) ) and correspon-
ding segment from the ROC COC2 respons e, positive values only
(upper curve in (a) and (b) ). In (a) the neuron run is 16 , the model
run Is 08/13/76.2/3, and the stimulus is 8A, pr esented at an in-
tensity of 20 dB attenuation. In (b) the neuron run is 9, the model
run is 08/13/76.1/4 , and the stimulus is 4B, presented at an in-

• tensity of 40 dB attenuation.
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Figure 52. A pitch period of the vowel /i/ superimposed on a typical corres-
ponding segment of a 10 dB /i/-POH . (a) is neuron 71 0827/ 11,
Run 7, (b) is Model Run 08/13/76.1/2.
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• 
Figure 53. / i/-P Th~s of neuron 710827/11 and Model 08/13/76 correspon- 

V

ding to the /i /-POHS of Figure 50. (a) neuron Run 7, (b) model

Run 08/13/76. 1 /2 , (c) neuron Run 14 , and (d) model Run 08/13/76.2/1.
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TABLE 22

STIMU LUS INTERVALS TABLE
VOWEL m l

44444 4 4 444 4 4 4  444444 444 4444 444  #4 44 4 4 4 4 444  44~•*44 4

INTERVAL~ STIMULUS
4 44 44 4 4 444 44 4 444 4 44 4 4 4444 44 4 4

~ 3A ‘ TA • 8B 4 4B
444 #444*4 4 4 4 4 4 4 444 44  44444 444 #44444+4444 4*4*4 4

.2 # 0 ~ 0 ~ C
~ .1+ 0 0 1 • 0 ~

.6 0 ‘ 1. -~ 3 4 C ~ V

.8 ~ 3 -~ 1+ 0 ‘
~ 1.0 1. 0 3 0

hH ~ 1.2 0 1 2 . C 4r 1.1+ • 0 1 3 0
• 1.6 4 3 ~ 1+ 0

1.5 1. 1 C 0
- •~ ~ 2.0 ~ 3 0 ~ 3

2.2 ~ 1 • 5 • 5 • C •
2.14 ~ 3 4 5 • ‘4 4 4

2.6 ~ 6 ~ ‘4 5 ~ 0
V 

• 2.8 2 0 0 ~ C ~
• ‘ 3.3 ~ 2 4 ‘4 • C ~

3.2 ~~. C C 1
3.1+ ~ 0 ~ 0 • 1 C
3.6 ~ 0 2 • 6 C
3.8 0 0 1 C

~ ‘4 .0 ‘ 0 0 0 ~ 0 ~
~ 4.2 ‘+ £~ 4 4 C

‘4, 14 # 3 ‘ 0 ~ 0 ~ C ‘

4.6 5 5 C
• 4.8 • 1 ~ ‘4 5 ~ C
• 5.0 3 4 4 4 ~ 1 -~

5.2 1 0 0 2 ~
• 5.1+ ~ 2 ~ 2 C ~ Ci
4 5.6 ~ 2 2 ~ 4 -~ C

V 4 5 5  • 0 ~ 1 • 3 # C ~
6.0 • 0 ~ 1. 2 - 0 ~
6.2 2 0 3 0 ~
6.4 2 4 1+ C

• ô.6 0 1 2 ~ 0 ~
6.8 0 ‘ C 1 C

• • 7 .C 6 1 ~ 1. ~ 1
7.2 9 1 .  1~ ~ 3 4

• 7.4 0 0 1 0 ~• 7.6 0 • 0 C C
4 7.8 ~ C ~ 0 C ~• 5.0 3 • 2 • 0 •~ 0
#44 q 4444  44 444~~ 44~~ 4 44 444 ~~~~~ 44 ~~_4
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TABLE 23

PEAK OCCURRENCE TABLE - VOWEL /1/

Jntarpul.e 710827/11 08/13/76. 1 710827/11 08/13/76.2 710827/13 08/13/76. 2 710827/11 08/13/76.1
Interval 

~ m 7 Rw~ 2 Rm~ 14 R~~ 1 Rw~ 16 R 3 R.~~ 9 R~~ 4

1.0 .003
1.2 .048 .024 .008 .078
1.4 .012
1.6

‘V 1.8 .069 .024 .049
2.0 .058 .018 .032 .044 .006
2.2

V 2.4 .118 .060 .042 .075 .020 .006
2.6 .0)8
2.8 .037 .056 . 087 .029
3.0 • .018
3.2 V

V 3.4  . 106
3 .6 .026 .097 .009 . 1 13  . 136 .075

V 3.8
4.0 .012
4.2  . 032 .029 .0 18
4.4

V 4.6 . 101 .071 . 049

~ 1 4.8 .067
I 5.0 .010 .047

5.2
• 5.4 .033 .054 .051 .029 .035

5.6 .064 .036
5.8 .041

• 6 .0  .053 .030 .018 L OZO
• 6.2 . 097 . 068

6.4 .023 .024 .037

~ 6.6 . 073 .02 9
6.8
7.0 .111 .124 .129 .097 .112 . 058 . 147
7.2

No. Sample -
181 182 150 164 181 280 177 171

Averag. 8 4 6  7.21 8.78 7.06 10.28 7.48 8.22 9.15

_. - 189 330 113 248 165 295 103 170

• ~ 35(3) 35(3) 7A(5) 7A(5) 8A(3) 8A(3) 4B(I) 45(I)

I 
~~~S~~Utt 1 t O 10 10 10 20 20 40 40 

V

V •
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TABLE 24

STIMULUS INTERVALS TABLE
VOWEL /1/

4444 4 4 + 4 4 44  44 #•4  44444 #44 *4 44*444*44 4*444  4 4 #4 *4

V INTERVAL STIMULUS
V V 

• 4 # 4 4 4 4 4 4*4 4 # 4 4*4 4 4 4 4*4 4 4 # 4*4 4*44 4 4 4 4 4
V 

* 39 ‘ 7A • 8A •
V •444444444444*4*4444444444444*444*444*44*4444*

V .2 0 ~ 0 0 • *
.1+ 0 • 0 • 3 * c •

V • .6 2 * • 0 • 0 •
• .8 * 2 • 2 • 0 0

1.3 3 2 • C • 0
V ~ 1.2 • 3 • 1~ • • 4

1 
~ 1.4 • C • 0 - 0 0

1.6 • 0 0 0 0
• 1.8 • 0 0 * 0 0

2.0 • 0 • 0 • 0 • C •
• 2.2 • 2 • 0 ~ C

-
V • 2.14 ‘ 3 4 * 2 2

• 2.6 2 • 3 3 • 3
• 2 .8 • 3 • 1 ~ 0 • C
• 3.0 • ‘4 1. • C C

F • 3.2 • 2 • 1 • 0 • C
• 3.1+ • 3 ~ 5 5 •
• 3.6~~~~ 7 4 6 * 1 • 1

-
- • 3.8 • 1 • 2 3 3 *

• 14.0 ‘4 • 1 • 0 * C ‘
• 14.2 2 2 • 0 * C
‘ 14.14 • C • 1 0 • C
4 4 ,5 4 3 .4 3 4 ‘4 4. 4 *
• 14.8 • 2 2 ‘ 0 0 ~1• 5.0 • 0 • 0 • C • C •
• 5.2 • 0 • 0 • 3 0 •

V

t 
• 5. Ls. • 0 • 0 ‘ C • 0 •

- • 5.6 • 0 • 0 * C 0
5.8 • 5 * 2 • 2 • 2

— * 6.0 ‘ 1 2 3 • 3 V

4 • 1 2 • 0 • C *

V • 6.4 • 2 ~ 1 0 • C
• 6.6 • 2 • 1 ~ C • C V

I • 6.8 • 2 ~ ~. C • 0 V
• 7.0  • 5 • 5 4 • V

7.2 Li. • 6 * b 8
• ~7. ’+ C • I • C • C
• 7.6 • 2 • 0 C • C • V

• 7.8 • 2 • 2 • 0 V

8.0 • 1 * 2 • C • C
4*4 444*44 44 4*  444444*4  *44 *4 4*4 4 44444 444 *4 444 4  *4
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V 3.13 SUMMAR Y

The results of this section can be summarized by classifying

the vowels into one of three groups according to the following criterion: the

neuron has peaks of activity in the vow-el-POH corresponding to positive

magnitude peaks in the channel 20 response of ROC COC2 . Those vowels

that satisfy this criterion have neuron and model vowel-POHs and vowel

PINs that correlate well in the position of theIr peaks.

V 

- 
The vowels that satisfy this criterion are lEt , /~~ I, lu , /~~/ , and

/1/. The vowels that do not are /~~/ , /a/ ,  /0/ ,  and /u/. For each of the
latter vowels, there is at least one peak per pitch period in the vowel-POH

that does not have a corresponding peak in the channel 20 response of ROC
COC2.

The vowel /~~/ was unique in that it satisfied the criterion for stimulus

intensities of 10 and 20 dB attenuation, but it did not satisfy the cr iterion for 
V

the 40 dB attenuation stimulus. In this case there are two peaks in the
channel 20 ROC COCZ response waveform for a pitch period that do not

appear to have enough magnitude.
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SECTION 4
V 

DISCUSSION

4.1 INT RODUCTION

A principle characteristic of the model is that peaks in syncoder

activity occur at peaks in the response of the cochlear filter channel * that
provide s the stimulus. The hypothesis for the auditory system is that

V 
- peaks in neural activity occur at peaks in the rarefactiori displacement of

that segment of the basilar membrane from which the neuron receives V

stimulation.

In the previous section it was shown that, for several vowel stimuli,
peaks in neuron 7lO8Z?/ 11’~ vowel POH s did not have corresponding peaks

in the channel 20 response of ROC COC2.

If the model is basically correct, this suggests that the vowel

stimuli seen by the syncoder should be modified to conform more closely

to the neuron vowel-POHs. The modification will generally require an

increase in the magnitude of the high frequency components to provide the

increased number of peaks per pitch period seen in the neuron vowel-PONs.

Two modifications are considered here. The first involves using a
- 

V 
different ROC COC 2 channel as the stimulus. The second involves

modifying the middle ear circuit.

*To be absolutely correct , peaks in syncoder activity occur at negative
peaks in the response of a cochlear filter channel. Negative valu.s in
the output space of the cochlear filter were determined in early experi-
ments to correspond to rarefaction in the basilar membrane .

~ 
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V 4.2 ROC COC2 RESPONSE FROM SEVERAL CHANNELS TO VOWEL
SEGMENT S 

V

The ROC COC responses from channels 20 (best frequency =

1111 Hz) *, 18 (be st frequency = 1492 Hz), 16 (best frequency = 2000 Hz),
and 14 (best frequency =‘2500H3) are j uxtaposed in Figures 55-64 for each of the

ten vowels. The problem posed is whether a higher frequency channel can
consistently provide a better fit than channel 20 to the neuron vowel-POHs .
Each of the ten figures is examined with this problem in mind.

V The Vowel I n  V

V Referring tc~ Figure 6 and 7 neural activity peaks occur at response peaks
V 2 and 4 at all intensitie:; there are no model activity peaks at response

peaks 2 and 4 at an intensity of 40 dB. Thi s suggests that peaks 2 and 4

I should have slightly more magnitude. In Figure 55 it can be seen that in

all channels below channel 20 these two peaks are relatively larger, large

enough, it is suspected, to produce peaks in the model / F/-POH5
corresponding to them.

The Vowel / a /

Referring to Figure 12 neural activity peaks occur between
V response peaks 2 and 3, 3 and 4, arid 4 and 5, as well as on the response

peaks themselves. In Figure 56, by channel 14 a peak in the response has

developed between peaks 1 and 2. Also by channel 14, a notch ha s developed
in some of the peak 3 waveforms and a glitch in the waveform is evident

between peaks 4 and 5. But none of the channels examined provides a

complete correlation with the neural ta/ POH.

V *The best frequency is the frequency of minimum transfer impedance.

V Text continued on page 114
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Figure 55. IT ! - Segments of the Responses of Four ROC COC2 VV 

. Channels to the /u/  - Segment of Clot-i Stimulus 43. V

V The four plots do not have the same scale.

(a) Channel 20 (best h équency ~ 1111 ~ z)
(b) Channel 18 (best frequency ~ 19 2  Hz) V

(c) Ck~~’~el 16 (best hequency g 2000 Hz) 
- 

V

(d) Channel 14 (best frequency ~ 2500 Hz )
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Figure 56. / s/-Segments of the Respon ses of Pour ROC COC 2
V Channels to the / s/-Segment of Clot- i StLmulu.s 4A.The four plots do not have the same scale. 

- 
V

(a) Channel 20 (best frequency = 1111 ~~z)
V (b) Ch~nne1 18 (best frequency = 149 2 Hz)

- 

(C) Channel 16 (best frequ ency = 2000 Hz)

(d) Cb-~nne1 14 (best frequency 2500 Hz)

‘-V -
V

112
V ~~~~~~~ ~~~~~~~~~~~~~~~ V— .~- ----V ~~~~~~~~~~~~~~~~~~~ — -~~~~~~~~ ~~~~~~~~~~~~ - V V



- — ~~~~ -.-—

~~~~

--‘-—— 

~~~~~~~~~~~~ r _
~~ 

I
a I

/ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

( _~~ ~~~ 
~~~~~~~~~~~~~~~~~~~ I

~~~

f

~
/

\M
~~~ / N~wv

~ J~p’~~~ ~~~~~

•

1 f ~ / f f f v~M~/

113
___ -- --- -- -~~~ - V - -  -- -- V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ - 



__________________________________ V ~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~ ~~~~~~~~~~~~~~~~

The Vowel la-

— The only important inconsistency in Figure 17 between neural and

model /a/ - . POHs was the neuro& s consistently stronger respons e to peak

8 of the channel 20 response waveform . This suggested that the peak 8 seen
V 

by the neuron might be relatively larger than the channel 20 response.

Figure 57 reveals that the peak is relatively larger in the higher frequency

- channels, starting with channel 18.

The Vowel /Z~ /

Figure 22 shows a good correlation between neuron and model

/ 3/-POHS . This observation is ratified in Figure 58 , where there is little

difference in the waveshapes from channel 14 to channel 20.

The Vowel /~~~~~/

In Figure. 27 there is a good correlation between the neuron /~~/-POH,

V 
the model /&/-POH and the displacement of the corresponding segment of

the channel 20 response. Note in Figure 59 that by channel 18 a glitch has

begun to develop on the side of peak 7. This glitch is a full-fledged peak by

channel 16. Also by channel 16 a peak has developed on the side of peak 1.

Theres is no evidence for these peaks in the neuron /~~/-POH. Therefore,

channel 18 is the highest frequency channel consistent with the neural data.

The Vowel /0/

The principle difference in Figure 32 between neuron and model

I l o /-P OH is the activity corresponding to the glitch labeled ~ in Figure 60.

This suggests that this peak is larger in the waveform seen by the neuron.

In Figure 60, peak 4 finally becomes greater than zero in channel 14, but

not much greater. Furthermore, peak 6 become s a double peak by channel

18, and there is no evidence of this double peak in the neural data. Overall,

no channel in Figure 60 matches the neural data.

V Text continued on page 123 
V
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V Figure 57. /a/-Segments of the Responses of Four ROC COC2
-: Ch~~inels to the /a/-Segment of Clot- i Stimulus 4A.

The four plots do not have the same scale.

(a) Channel 20 (best frequency = 1111 Hz )
V (b) Channel 18 (best frequency = 149 2 Hz)

(c) Cl~is-~mel 16 (best frequency = 2000 Hz)

(d) Channel 14 (best frequency = 2500 Hz)
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Figur e 58. /D/-Segments of the Responses of Four ROC COC2
Channels to the /u/-Segment of Clot-i Stimulus 43•

V 

The four’ plots do not have the same scale.

(a) Channel 20 (best frequency = 1111- Hz)

(b) Channel 18 (best frequency = -1492 Hz)

V (c) Channel 16 (best frequency = 2000 Hz)

(d) Channel 14 (best frequency = 2500 H z)  V
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V Figure 59. /~~/-Segments of the Responses of Four ROC COC2
V Ch~-~~’els to the /~~/-Segment of Clot-i Stimulu s 4A. V

The f o u r  plots do not have the same scale.

(a) Channel 20 (best frequency = 1111 Hz)

(b) Channel 18 (best frequency = 149 2 Hz)

(c) Channel 16 (best frequency = 2000 Hz)

- (d) Channel 14 (best frequency = 2500 Hz) 
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Figure 60. /o/-Segments of the Responses of Four ROC COCZ
Ch annels to the b /-Segment of Clot- i Stimulus 4A.
The fou.r’ plots do not have the same scale.

(a) Channel 20 (best frequency = 1111 Hz)
(b) Ch=rmel 18 (best frequency = 1492 Hz)
(c) Channel 16 (best frequency = 2000 Hz)

V 

(d) Channel 14 (best frequency = 2500 Hz)
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The Vowel iei
The neuron /e/-POH, the model /&/ -POH, and the response of

channel 20 to /el correlate well (Figure 37 ). In Figure 61, by channel 16

V 
peak 1 has split into three peaks. There is no evidence in the neural data

of these peaks . The conclusion is that any channel lower th&n channel 18

V 
could not have been used to generate the neural data .

The Vowel /1/

In Figure 42 it was shown that the neuron and model ,t / -POH

correlated well with each other and the channel 20 response. Figure 62

shows that by channel 18 several of the peaks in a pitch period have been

-: resolved into two or more peaks. There is no evidence for any of these

peaks in the neuron /I/-POH. The conclusion is that channel 20 provides

the best fit .

V The Vowel /u/

Referring to Figures 47 and 63, neural activity occurs at each of

the numbered positions in the channel 20 waveform. Therefore, if the

displacement model is correct, there should be peaks in the neuron ’s

stimulus at positions 2, 5, and 7. The first channel with a significant peak

at position 2 is channel 14. None of the examined channels has a peak at
V 

position 5. The neural activity associated with position 7 is very low, 
V

suggesting that the peak seen by the neuron has a small magnitude.

Through channel 14 there is a peak at thi s position, but it neve r becomes

significantly greater than zero. V

The conclus ion for the vowel /u/  is that no channel examined will

provide the needed improvement in the stimulus.

The Vowel lu V
Figure 52 shows neural activity at peaks 1, 2, 3, and 5 of the

- channel 20 response. This is in good agreement with the channel 20 
V 
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response. In Figure 64 even channel 18 has high frequency activity that is V

not evident in the neuron /i/-POH. Channel 20 provides the best fit to the
neural data.

V Conclusion V

Although results for other vowels, In and /a /  for ’ instance, would

have been better if a high frequency channel were used as the stimulus,
the results associated with vowels /6/,  /1/, and bib suggest that the
higher frequency channels will not provide a consistently better match to

the neural data. Generally, no channel consistently provides a better fit
to the neural data than channel 20.

V 

Text continued on page 133 V
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Figure 61. /e/-Segments of the Responses of Four ROC COC2 V

V 
Channels to the / 6/-Segment of Clot-i Stimulus 4A.

V 

The four’ plots do not have the same scale. f
(a) Ch~-~~ el 20 (best frequency 1111 Hz)
(b) Ch’-”el 18 (best frequency = 149 2 Hz)

I 
- (c) Channel 16 (best frequency = 2000 Hz)

(d) Channel 14 (be st frequency 2500 Hz)
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Figure 62. /1/-Segments of the Responses of Four ROC COC2
Channels to the- /u/-Segment of Clot- i Stimulus 43.
The four plots do not have the same scale.

(a) Channel 20 (best frequency = 1111 Hz)

(b) Channel 18 (best frequency = 149 2 Hz)
(c) Chpnnel 16 (be st frequency = 2000 Hz) -

V 
(d) Ch~”~el 14 (best frequency = 2500 Hz)
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Figure 63. /u/-Segments of the Responses of Four’ ROC COC2
Channels to the /u/ -Segment of Clot-i Stimulus 43.
The four’ plots do not have the same scale.

- 
• 

(a) CK~t,~~el 20 (best frequency = 1111 Hz)

L (b) Ch~~~ el 18 (best frequency = 149 2 Hz) 
-

- (c) Channel 16 (best frequency = 2000 Hz)
(d) Channel 14 (best frequency = 2500 Hz)
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Figure 64. /i/-Segments of the Responses of Four ROC COCZ
V Channels to the br/-Segment of Clot- i Stimulus 43.

The four ’ plots do not have the same scale.

(a) C~hannel 20 (best frequency = 1111 Hz)

(b) Channel 18 (best frequency = 149 2 Hz) -

(c) Channel 16 (best frequency = 2000 Hz)
(d) Channel i4 (best frequency = 2500 Hz) -‘
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4. 3 EXAMINATION OF THE MIDDLE EAR TRANSFER FUNCTION

The vowel responses of any ROC COCZ output channel can be
modified through the appropriate modification of the middle ear transfer
function. For instance, if the transfer function used for the ROC COC2
middle ear circuit was modified so that its peak gain occurs at 4 KHz
instead of the current 2 KHz (Figure 2 ), the response of channel 20

would be expected to have slightly greater magnitude in the high frequency
components of the signal.

Zwislocki (1963) has developed a ha rdware circuit model of the
- V middle ear. The transfer characteristic for this circuit is defined in

Figure 65. The characteristic has 6 dB skirts on bo th the high and low

frequency sides and a peak gain at between 1 and 2 KHz. Figure 65 also

shows data de rived from the cochlear microphonics of two guinea pigs.

These data suggest some confusion in the intensity characteristic in the
V frequency range of interest, 2 to 8 ~CHz.

In summary, the current middle ear circuit, which has a 12 dB

skirt on the low frequency side of its transfer characteristic, is already a

possibly significant modification fr om Figure 65. The existing neuro-

physiological data leave a possibility that the middle ear transfer function
V of guinea pig 710 827/ li had a peak at 4 KHz or better , but the possibility

is remote and probably does not justify modification of the analog middle
ear circuit .

4.4 RECOMMENDATIONS TO A (CEPT THE CURRENT MODEL PENDING
DEVELOPMENT OF COCHLEAR NUCLEUS MODELS

The overall appearance of the model vowel-PON is acceptable to the
V author. There are two basic classes of differences between the neuron and

model vowel-POHs. The f i rs t  class is the shape of the individual vowel-

POM peaks. The peaks in the neuron vowel-POHs tend to be broade r than

corresponding peaks in the model vowel-POH. In addition , the maximum

within a peak in a model vowel-POH almost always occurs in the f irs t  sample

133
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interval of that peak. Thi s is not true of the neuron ’s behavior.

The second class is the position of the individual peaks , which was

discussed in the previous sections of this chapter.

The opinion of the autho r is that modification of the model to eliminate

V these differences would be difficult. Noise would probably have to be added

V to the ROC COC response or the threshold function to obtain the neuron ’s

vowel-POH peak shape. It is not clear what modification should be made to

obtain the correct position of individual peaks. The author ’s opinion is

that the problem lies in the middle ear function. In order to obtain the

r most accurate model , it will be necessary to perform the neurophysiological

experiments again , with the individual guinea pigs middle ear transfer

function being measured and incorpo rated in the model.

It is the conclusion of the author that these modifi cations should not

be implemented at this time. Instead , resources sould be directed toward

modeling the next level of the auditory system, the co chlear nucleus.
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