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| threshold is most likely not at these
| values. After the 7" trial the routine
has gathered enough data to be quite

1 sure that the actual threshold is some-
| where around 20dB.
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The sensitivity of the subject is determined from the
final (“posterior”) probability distribution of the param-

eters of sensitivity:
pt<9)p(rx‘9)
Olr,) =
pt( ‘ ) pt(rm)

where p;(6) is the prior distribution and p(r;) is a nor-
malizing term.

The procedure creates a hypothesis space of psychomet-
ric functions, where p(r;|@) is the probability of a correct
(r, = 1) or incorrect (r, = 0) response at an intensity
x given the parameters of sensitivity #. An initial prior
distribution py(6) from existing information is built and
p(r:|0) is precomputed.

Next a loop for all trials ¢ = 0...T" — 1 is run:

1. Compute for all z and r, € 0,1
pt(’l“x) — Zpt(e)p(ra:W)
0

2. Compute the posterior distribution for all ., x and
r. €0, 1.

3. Forall z and r, € 0, 1 compute the posterior entropy:
Ht<‘9|rx) - = Zpt(9|7“x) 1ngt(6)’7ax)'
0

4. For all x compute the expected posterior entropy:

Hy(0|Ry) = — > pelra) Hy(0]rs).

ry€4{0,1}
5. A trial is run at an intensity that minimizes H;(0|R,.).

1 &y
P(d) =X+ (1—2))- \/7/ e V) da.
T J—-

thresholds 0,,,; lapsing rates A, slope space prior distr.
0 dB 0.01%
40 dB 1%
70 dB 10%

fixed

free uniform

gaussian

Table 1. Different conditions and parameters for the subject’s function sim-
ulated.

To allow the staircase procedure to make use of prior
information initial stimulus level was set appropriately.

Lipit = Z L(79%0) - P(©)
o

where P(0©) is the prior and L(79%|©) are all levels of
the assumed hypotheses © that lead to 79% correct.

[ Simulation Results j

1. Bayesian converges faster to true threshold than the
staircase procedure (figure 2).

2. Staircase procedure provides estimates close to
Bayesian especially if starting level is close to true thresh-
old. This is always the case for Gaussian priors and coin-
cidently for some conditions with uniform priors (figure 2

upper right panel).

3. Bayesian estimates reach asymptotic values with a
deviation of = 1dB from trial 35 on, whereas staircase
estimates need about 10 trials more and are further more

biased.

4. Bayesian is more biased than staircase for very early
trials. This is due to leaving out the first 4 reversals of the
up- down procedure, hence results for staircase procedure
are available from trial 15-20 on.

5. A priori information improves results, especially for
trials < 50 and for a high lapsing rate.

6. Impact of a free slope parameter on Bayesian thresh-
olds is almost not pronounced (figure 4).

7. Slope estimates are effected from trial 50 on and
are more biased (overestimated) than threshold estimates

(figure 5).

conditions. TotalError(i) = \/ - SN (B9 (7) — Org9)?, where Orgg (i) is

the estimated threshold in dB at trial 7, 6799 true threshold and N number
of simulations.
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#  Figure 4. Number of reversals in
1000 lup-3down 2-AFC simulations.

7] The first 4 reversals were not counted.
With Gaussian priors the initial stim-

| ulus level is closer to true threshold
than with uniform, hence the proce-

1 dure gives more reversals. With a
Bayesian approach stimulus selection
1 rule does not change over time. Ar-

row indicate trails needed for 10(-+4)
| reversals.
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i slope free | . Figure 3. No pronounced difference
® = Staircase | 10 total error between Bayesian proce-
e o slope fixed | dure with fixed and free slope param-
o & eter in the hypothesis space. Bayesian
_af 8 gauss prior | procedure has better threshold esti-
S| By Aqupi™ 1% mates and in addition provides an es-
Wl s O =0dB | timate of the slope parameter. Lines
g % " indicate total error for 10(44) rever-
= 2 sals with staircase and trials needed
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[ Experimental Methods j

1. Standard audiograms (2dB and 5dB).

2. Six blocks with 30 trials each of the 2-AFC Bayesian
procedure.

Table 2. Prior database mean hearing loss for women, e.g. having determined
a threshold of 72dBHL at 4kHz, 7T0dBHL is the closest value, hence mean of
the prior distribution for 2kHz would be 60 dBHL. Same procedure for S.D.
All values in dBHL.

[ Experimental Results j

1. Bayes thresholds are up to 10dB lower than 2dB-
step audiogram thresholds for all subjects and frequen-

cies, except for 2 subjects at 500Hz. Averaged across
subjects Bayes thresholds are 4 to 7dB lower than 2dB-
step audiogram thresholds.

2. Standard deviation for Bayes estimates averaged
across subjects is < 2dB for all frequencies.

3. Slope estimates averaged across subjects is about 0.

4. Correlation between thresholds on the psy-
chometric function fitted to the fixed level data

and Bayesian estimates is excellent (figure 7).
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Figure 6. Averaged Bayes and 2dB audiogram data for all subjects. Solid
lines are linear best-fits with slopes of 1 and offsets of 4.2, 5.4, 7.2 and 4.4dB

for 4kHz, 2kHz, 1kHz and 500Hz. Thin lines indicate equality of Bayes and
audiogram thresholds.

tion. Hanna et al |2| found slopes ranging from 3 to 5
whereas Arehart et al |3] found slopes ranging from 0.5
to 2.5. Watson et al |4] claimed that slopes of psychomet-
ric functions are steeper at higher frequencies and require
between 3 and 8dB increase in signal to raise performance
from 60% to 95%. This actually means a slope of up to

6. Contradictory to that the slope parameter in simula-

tions is often assumed to have values between 0.5 and 2.
However, our slope estimates are about 6 on average for

all frequencies. Simulations showed that slope is overes-
timated by about 3dB around trial 30 which means by
a factor of 1.4. Using this correction slope for absolute
detection would be about 4 to 5.

3. The entropy of the posterior distribution could also
be used to detect instances when the current patient’s
performance is inconsistent. Additionally more sophis-
ticated stopping criteria could be designed by analyzing
the progress of the entropy trial by trial.

[ Conclusions j

Results from simulations and experiments show that a
Bayes procedure coupled with a minimum-entropy stim-
ulus placement rule can lead to very reliable parameter
estimates with fewer trials than a standard staircase pro-
cedure, even while estimating more parameters. Appro-
priate use of a “lapsing” parameter allows the Bayes pro-
cedure to react to subject lapsing in much the same way
as the staircase procedure. Up-down procedures increase
stimulus level until a subject stops lapsing, Bayes proce-
dure rather increases level if lapsing is less likely than a
threshold at a higher intensity. Future work will consider
the use of particle filtering to eliminate dependence on
discretized hypothesis space.
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