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Abstract

The �rst psychophysical studies of hearing loss were done at Bell Labs in 1937
by Steinberg and Gardner (1938), when they measured the loudness growth of
hearing impaired subjects as a function of sound intensity. What they found is now
called “loudness recruitment,” which is wrongly de�ned by the ANSI standard as
“The abnormally rapid growth of loudness as a function of intensity.”

We have come a long way since 1938, and we now know that “recruitment” is
due to damage of cochlear outer hair cells. These cells are responsible for the level
(loudness) compression of the acoustic signal, frequently called the “Stevens power
law.” When outer hair cells are damaged the loudness dynamic range is reduced,
leading to “loudness recruitment.”

Today we are at the threshold of understanding the physiological process of dy-
namic range compression. The �rst commercial wide dynamic range compression
(WDR-MBC) hearing aid was designed and built at AT&T, and sold by the Resound
Corporation. WDR-MBC has become the algorithm of choice today, because it can
compensate for the loss of outer hair cells, without compromising the signal to noise
ratio. In the last 10 years, compression hearing aids have become the dominate
technology of the hearing aid industry.

Speech is only a 50 bps code. How can we robustly extract those few bits from the
8 kHz speech signal and present them to the auditory nerve? That is the challenge
of the next decade. The hearing aid of the future will need to deal with a new set of
concepts, beyond dynamic range compression, perhaps by extracting key features
from the speech signal.
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ADDITIVITY OF LOUDNESS

� In 1924, Fletcher and Steinberg showed that the loudness of
two sounds adds
-Two equally loud sounds, played at the same time, are twice
as loud

% of energy of wide-band speech such that it is equal in
loudness to the ®ltered speech, for low and high pass ®lter-
ing. The resulting curves are raised to the 1/3 power, result-
ing in two curves which sum to one
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LOUDNESS

� 1933 De®nition of �
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HEARING AIDS

1937 Steinberg and Gardner ®rst propose compression hearing
aid based on loudness recruitment studies

1973 Villchur JASA paper on multiband wide dynamic range com-
pression
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LOUDNESS RECRUITMENT

� The standard de®nition of Loudness Recruitment:
. . . the abnormally rapid growth of loudness.
is wrong!

.01

.1

1

10

.001

100

10 20 30 40 50 60 70 80 900

INTENSITY  (dB SL)

LO
U

D
N

E
S

S
 (

S
on

es
)

5
6

0.001 

0.01

0.5

1
32 40 6056

slope= 1.6 10 �

�

slope = .5/8415=59 10 �

�

�

= 0.009

�

= 1-0.5 = 0.5

slope = 8.3 10 �

�

�

�

�

�
�

�

	

10




slope= 1 10 �

�

�

�

�

�
�

�

=
1,

58
5

�

�

�

�
�

�

=
0.

4
10




�

=
0.

6
10




�

�
�

�

�

�

�

�
�

�

=
10

,0
00

�

=
8,

41
5

�

�

�

�
�

�

=
10



Gennum/McMaster Sept 2002 7 WDR Hearing Aids

RESOUND WDR HEARING AID

Mar87 Agreement with Resound completed
-demo to D. Packard
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RESOUND WDR HEARING AID

Mar87 Gain frequency plot
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COMMON VIEW OF THE OHC'S ROLE

� Increased sensitivity

� Increase tuning (i.e., narrow bandwidth)
–T. Gold 1948, Davis 1983 and many followers
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COMMON VIEW OF THE OHC'S ROLE

� Increased sensitivity

� Increase tuning (i.e., narrow bandwidth)
–T. Gold 1948, Davis 1983 and many followers

ALTERNATIVE VIEW OF OHC'S ROLE

� The OHC compresses the dynamic range from 120 to 60 dB
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COMMON VIEW OF THE OHC'S ROLE

� Increased sensitivity

� Increase tuning (i.e., narrow bandwidth)
–T. Gold 1948, Davis 1983 and many followers

DISCUSSION OF COMMON VIEW

� Receptor tuning is good in many species having no OHCs

� IHC sensitivity is not an issue
– IHC sensitivity has been estimated to be as small as

100 pm = Diameter of Hydrogen
Hudspeth 1983, Allen 1991
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DISCUSSION OF COMPRESSION VIEW

� The compression is done in critical bands

At CF: Loudness �
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� (Hooke's Law)

� Compression and level-dependent tuning are two ways of
looking at the same thing.

� OHC damage 
 loudness recruitment 
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– The effect of OHCs may be estimated from recruiting ears
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WHY IS COMPRESSION NECESSARY?

� Dynamic range of the IHC is less than 63 dB
– Membrane thermal noise voltage of IHC is given by:
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– The maximum RMS IHC membrane voltage is
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� Acoustic dynamic range is � 120 dB

� It follows that compression is essential
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OHC MODELS 1985

� How does cochlear compression at CF come about?

– To answer this we need models
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OHC MODELS 1985

� Simple Electromotility Brownell 1985

� Assuming constant volume
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OHC MODELS 2002

� Present model:

Source impedance
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SUMMARY

� Relative length change

�

���
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� 4% 1985

� Relative Capacitance change
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� 40% 1989

� Axial stiffness change

�
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�

� 400% 1999

ªLength change, or electromotility, is a simple consequence
of stiffness change.º

±Dallos & He 2000
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OVERVIEW/SUMMARY

� Why is OHC modeling important
Understanding the OHC will clarify how the cochlea works:

(1) Is their power gain on the BM?
(2) If there is power gain, where does it originate?
(3) Is basilar membrane tuning identical to IHC tuning?
(4) Why does cochlear tuning degrade with OHC dam-
age?
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HOW WE RECOGNIZE SPEECH?

� Hierarchical ªbottom upº analysis

� Accurate statistical models of performance at each stage

Layer Layer

Event

kk

Layer

Words

SNR

Layer

WSse

Cochlea Phones Syllables

Recognition level

s(t)
Filters

Analog objects
Discrete objects

???
object classification

What are the objects?

� Entropy drops (i.e., context is integrated) in stages
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ARTICULATION INDEX DEFINITION

� The event-error model: ��� � �

�
� ���

	


�� SNR� in dB units!!!

� The average-phone articulation model:
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AI AND CHANNEL CAPACITY

� An average taken over log units is the geometric mean:
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� The geometric mean is used in information theory as a mea-
sure of an abstract volume,

� representing the maximum transmitted information.
For example, the Shannon channel capacity formula:
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is a measure of a channel's capacity to carry information.
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THE RECOGNITION CHAIN

� The cochlear critical bandwidth de®nes the �
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� The event-error model: �
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�� SNR� in dB units

� The average-phone articulation model:
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� The nonsense CVC syllable articulation model:
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� Heuristic degree of freedom context models Fletcher; Boothroyd;
see Allen 1994
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� Layers of context:
–




depends on the ratio of words to pseudo-words in the
corpus,

–

�

depends on the number of salient words in a sentences,
–

�

depends on the word salience and topic context.
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DEMO of McGurk effect
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CONFUSION MATRIX PARTITIONING

� Miller & Nicely 1955 Confusion Matrix (Table III)

– MN55 established a natural phone hierarchical clustering:

UNVOICED VOICED NASALS
RESPONSE

S
T

IM
U

LU
S

“This breakdown of the confusion matrix into �v e smaller
matrices . . . is equivalent to . . . �v e communication channels
. . . .” –Miller & Nicely 1955
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MILLER'S BINARY FEATURES

� Miller & Nicely derived binary consonant features [i.e., events]

“ . . . the impressive thing to us was that . . . the [binary] fea-
tures were perceived almost independently of one another.”
–Miller & Nicely 1955
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SUMMARY

� Loudness: its de®nition and measurement

� Hearing loss and loudness recruitment

� Wide dynamic range compression in bands ReSound/AT&T

� The role of the OHC: compression in bands
Compression provides cochlear dynamic range

� OHC model: voltage controlled stiffness
Change in stiffness leads to compression

� Human Speech recognition

– Event/feature recognition

� Articulation Index as a channel capacity

� Distinctive speech features (events)
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