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A computerized adaptive testing system for speech
discrimination measurement: The Speech Sound Pattern

Discrimination Test

Joseph Bochner,® Wayne Garrison, Linda Palmer, Douglas MacKenzie,

and Amy Braveman

National Technical Institute for the Deaf, Rochester Institute of Technology, P.O. Bex 9887, Rochester,
New York 14623

(Received 13 December 1995; revised 29 November 1996; accepted 12 December 1996)

A computerized, adaptive test-delivery system for the measurement of speech discrimination, the
Speech Sound Pattern Discrimination Test, is described and evaluated. Using a modified
discrimination task, the testing system draws on a pool of 130 items spanning a broad range of
difficulty to estimate an examinee’s location along an underlying continuum of speech processing
ability, yet does not require the examinee to possess a high level of English language proficiency.
The system is driven by a mathematical measurement model which selects only test items which are
appropriate in difficulty level for a given examinee, thereby individualizing the testing experience.
Test items were administered to a sample of young deaf adults, and the adaptive testing system
evaluated in terms of respondents’ sensory and perceptual capabilities, acoustic and phonetic
dimensions of speech, and theories of speech perception. Data obtained in this study support the
validity, reliability, and efficiency of this test as a measure of speech processing ability. © 7997
Acoustical Society of America. [S0001-4966(97)06704-0]

PACS numbers: 43.71.Gv. 43.71.Ky, 43.66.Sr [WS]

INTRODUCTION

Conventional methods and materials used in the clinical
assessment of speech processing may be traced to the devel-
opment of articulation and intelligibility tests (Egan, 1948;
Fletcher. 1929). Specifically. the work of Egan and his col-
leagues at the Harvard Psychoacoustics Laboratory in the
1940s led to the development of phonetically balanced
monosyllabic word-recognition measures, such as the CID
Auditory Test W-22 (Hirsch er al., 1952). These so-called
PB-50 tests historically have constituted the primary tools of
speech audiometry. Other, more recent approaches to the as-
sessment of speech perception, such as the SPIN test (Ka-
likow eral, 1977) and the MAC battery (Owens et al.,
1985). have used different methods and materials designed to
provide more useful information about individuals’ speech
processing ability.

In speech audiometry, tests have also been developed to
assess listeners’ ability to perceive phonetic segments and
patterns. For example, tests of consonant perception in word
and nonsense-syllable contexts have been developed (Dubno
et al., 1982: Owens and Schubert, 1977). These tests, how-
ever, have not seen widespread use in clinical or rehabilita-
tive settings. Given the history and limitations of speech per-
ception tests currently available. a need exists for the advent
of new approaches to the measurement of speech processing
abilities adapted to the characteristics of individuals receiv-
ing audiological services (Tyler, 1994).

At the heart of the adaptive testing procedure is the
simple proposition that an examinee is measured most effec-
tively when the test tasks are neither too difficult nor too

“Electronic mail: JHBNCP@ritvax.isc.rit.edu

easy. For speech discrimination measurement, this condition
can occur when an examinee responds correctly to, say, a
predetermined percentage of test items administered (e.g.,
50%). Consequently, adaptive testing involves the selection
of test items during the testing process which are appropriate
in difficulty level for a given examinee. Adaptive tests are
designed to provide successively refined estimates of an ex-
aminee’s proficiency or capability, on the basis of his/her
responses to items already administered. Using these succes-
sive approximations of, in the present discussion, sensory
and perceptual capability, decisions are made about what (if
any) test items are to be administered next. This iterative
procedure generally continues until established criteria for
test termination have been met. Because of their computa-
tional and branching requirements, adaptive tests most fre-
quently are implemented using computer-interactive meth-
ods.

This paper describes the development of a computerized
adaptive form of the Speech Sound Pattern Discrimination
Test (SSPDT) developed by Bochner eral (1986), and
evaluates its reliability and validity from multiple perspec-
tives. The rationale for developing this test was to construct
a reliable, valid instrument for measuring speech processing
ability that utilizes naturalistic sentence-length utterances
and efficiently provides meaningful information about the
perceptual capabilities of listeners with a wide range of hear-
ing Joss and English language proficiency. The initial version
of the SSPDT was a prototype containing only 30 items. The
current SSPDT item pool includes 130 items used in an
adaptive testing format. The purpose of this study was to
evaluate the hypothesis that a computerized adaptive form of
the SSPDT can serve as a functional tool for speech dis-
crimination measurement; hence, measurement reliability



and validity have been approached from a variety of perspec-
tives.

I. METHOD
A. A psychometric model for person measurement

Although it is possible to design and administer comput-
erized adaptive tests without an explicit theory of item re-
sponses, psychometric models that represent the influence of
specific person and item parameters on the outcome of the
person-item interaction have proven useful. Item response
theory models are mathematical abstractions based on sup-
positions or hypotheses about what happens when an exam-
inee responds to a test item. The simplest of these models,
and also the basis of the present work, is the generalized
Rasch (1980) model for person measurement.

In the situation where examinees’ responses to test items
can be scored ‘‘right/wrong.”” the Rasch model provides a
means of predicting success or failure on specific test items
in probabilistic terms. These probabilities reflect the differ-
ence between an examinee’s position along a continuum of
capability, and the difficulty of items scaled along the same
continuum. Thus. the Rasch model conceptualizes the result
of the person-item interaction in terms of a single person
parameter (i.e., ability or capability, used interchangeably in
the current discussion), and a single item parameter (i.e.,
difficulty). These parameters are expressed in a metric
known as logits. A person’s ability in logits is his/her natural
log odds for succeeding on items with “‘zero™’ difficulty. The
item difficulty scale is centered at zero. An item’s difficulty
1s its natural log odds for eliciting failure from persons with
“'zero”’ ability (Wright and Stone, 1979). In the present
study, the item difficulty parameter was decomposed further
to investigate factors suspected of causing variation in the
item difficulty values.

B. Item pool

The SSPDT is a flexible, broad-range test of speech dis-
crimination ability. It is constructed on a respondent-by-
respondent basis from a pool of 130 potential items. An item
is a modified discrimination task in which listeners are re-
quired to make judgments on whether each of four sentences,
presented in succession, is identical to a standard (target)
sentence. Accordingly, the term irem, as used in this paper.
denotes a set of four trials. An orthographic representation of
the target sentence appears on a computer monitor through-
out the presentation of acoustic stimuli. The listener must
indicate whether comparison sentences are either the same or
different using designated response keys on the computer
keyboard. A special keyboard template can be used to pre-
vent access to all but appropriate response keys.

Examinees are instructed that any number of comparison
stimuli may match the target, making it possible for 0-4
matches to occur for a given target. Matching stimuli are
exact repetitions of the target utterances. Items are scored
correct/incorrect as blocks. minimizing the influence of
guessing on the estimation of ability. That is, items scored
correct are those for which all four discrimination judgments
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are correct. An error on any one of the four comparison tasks
within a block results in an item score corresponding to in-
correct.

C. Instrumentation

The stimulus sentences were uttered by a male speaker
with a General American dialect. The speech was digitized at
10 kHz for storage on computer disk using a 12-bit A/D
module (AD12FA) interfaced 10 a Masscomp 5600 UNIX
Workstation. Rockland antialiasing filters with a roll off of
48 dB/oct were set to 5 kHz. A body microphone (Electra-
voice RES1) was placed 1 in. from the speaker’s mouth. A
preamp (Shure M67) and compression limiter (dbx 161)
were used to amplify the microphone signals. The speaker
was instructed to utter each sentence in an item block with
the same pace. clarity, and effort, changing only the portion
containing lexical/phonetic contrasts. Each sentence was
spoken three times. The best utterances were later selected
and edited into individual sentence files. Recordings were
made in a double-walled JAC sound booth. Signal levels
were monitored on a VU meter throughout the recording to
assure that the peaks were not clipped.

.

D. Adaptive testing procedure -

The adaptive testing system elaborated herein operates
from a calibrated item pool and. generally, comprises three
components: (1) an item selection routine; (2) an ability es-
timation technique: and (3) rules for test termination. The
calibrated item pool consists of SSPDT items and associated
difficulty values. The item calibrations (i.e., difficulty values)
were those obtained using the BISGSTEPS Rasch scaling pro-
gram developed by Linacre and Wright (1994). Data for the
estimation of difficulty values were the scored responses to
items presented to listeners in this study.

Procedurally, the adaptive testing system operated in the
following manner:

(1) The first SSPDT item administered to each examinee
had a difficulty value closest to the central reference value of
0.00 logit.

(2) If an examinee responded correctly, an item of
greater difficulty was administered next. If an examinee re-
sponded incorrectly, an item of lesser difficulty was admin-
istered. The difficulty increment (decrement) was set at (.50
logit.

(3) When the response record contained at least one cor-
rect and one incorrect item score (1 and 0, respectively), a
finite maximum likelihood estimate of ability, and its asso-
ciated standard error, was obtained [the reader is referred to
Wright and Stone (1979) for solution equations]. The nu-
merical estimation method employed here has the property
that an examinee’s number right (raw) score is a sufficient
statistic for estimation of the ability parameter.

(4) Using the estimate of ability just computed, test
items in the pool which had not already been administered
were evaluated for their potential to enhance information
about the examinee’s speech discrimination ability. Specifi-
cally. the next item to be administered in the testing se-
quence was that with difhculty closest to the ability estimate,
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with the further provision that the difference between the
ability estimate and the selected item’s difficulty had to be
less than the standard error associated with the ability esti-
mate (i.e., difficulty in the range *one standard error of the
ability estimate). Otherwise, items remaining in the pool (not
administered) were considered to be out-of-range, and test-
ing was terminated.

(5) After each newly selected test item was presented
and the examinee’s response evaluated for correctness/
incorrectness, the ability estimate was recomputed, making
use of the additional information. The new ability estimate
was compared, as before, with the difficulty values of items
remaining in the pool. Items continued to be administered as
long as the difference between their difficulty and each
newly computed ability estimate remained within a (decreas-
ing) standard error of measurement.

(6) Testing was terminated when items remaining in the
pool were of inappropriate difficulty (i.e., outside the estab-
lished range), or when a maximum number of items had been
administered (25 items here).

E. Subjects and test administration

Seventy-three adults participated in the study. Seventy-
two were students with sensorineural hearing losses enrolled
in courses of study at the National Technical Institute for the
Deaf and one was a normal-hearing undergraduate. Ages of
the study participants ranged from 17 to 49 years, with a
mean age of 22 years. Subjects were paid for their participa-
tion.

Twenty-eight subjects (sample A) were administered a
common set of seventy items (fixed-item nonadaptive for-
mat) during the spring, 1993. Adaptive tests for sample A
respondents were simulated from their responses to these 70
items. Data obtained from these participants were used pri-
marily to estimate the difficulty values of these 70 items. The
second purpose was to evaluate a simulated adaptive testing
protocol.

Forty-five subjects (Sample B) responded to a different,
common set of sixty items (fixed-item nenadaptive format).
These 60 items were intended to extend the range of diffi-
culty upward from that realized from the sample A testing.
Sample B respondents were also administered an actual
adaptive test with an item pool composed of the 70 items
calibrated from the sample A testing. Data obtained from
sample B examinees were used primarily. then, to evaluate
the adaptive testing system. Simultaneously, these data pro-
vided an empirical basis for the calibration of 60 new
SSPDT items. Subjects in sample B were tested during the
spring and fall of 1994.

Five subjects were common to samples A and B. Con-
sequently, for correlational analyses to be reported later, the
final sample size was reduced from 73 to 68 respondents
(sample C). Sample C subjects had a mean pure-tone average
(ANSI S3.6, 1989) in the better ear for 0.5, 1, and 2 kHz of
73.1 dB HL (s5.d.=23.8). The range was 107 dB
(minimum =0, maximum=107).

An effort was made to group subjects on the basis of
their audiometric configuration using the criteria employed
by Dubno et al. {1982). A group of 22 subjects was identi-
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fied as having flat hearing losses. A group of 13 subjects had
gradually sloping high-frequency hearing losses. A group of
nine subjects had steeply sloping hearing losses. The remain-
ing subjects were either not tested to 4000 Hz, or their au-
diograms could not be clearly placed into one of these three
configuration classes.

All subjects were tested individually in a sound-treated
room and received stimuli dichotically under earphones
(TDH-39P) at a comfortable listening level using a clinical
audiometer (Madsen OB 822). In order to establish a com-
fortable listening level for each subject, a sample stimulus
was presented repeatedly and its level adjusted until the sub-
ject reported it to be most comfortable. For the nonadaptive
testing component of this study involving subjects in sample
A, the digitized stimulus sentences were converted to analog
signals and recorded on a cassette tape recorder (Nakamichi
1000 II). The stimuli were played back to subjects in sample
A on another tape recorder (Wollensak 2556 AV) routed
through an amplifier (Crown model D 60). A warning light
cued subjects to the onset of each stimulus, and the subjects
used pen/pencil to indicate their responses ('S’ for same,
*D for different) on an answer sheet.

Subjects in sample B were seated in front of a VT100
computer terminal. The edited sentence files were played
back directly from the computer, routed through a 12 bit D/A
module (DA04H), and low-pass filtered at 5 kHz (48-dB/oct
attenuation). The timing of the stimuli was controlled by a
programmable clock module. A flash of light from a visual
response box placed next to the terminal alerted subjects to
the onset of a sentence, and number prompts displayed on
the computer screen marked opportunities to respond S’
for same or “‘D’’ for different. Practice items were provided
to all subjects to ensure that the task was understood. Each
testing session took approximately 1 h. The time required for
the administration of the adaptive test to subjects in sample
B, however, was approximately 10 min.

Il. RESULTS
A. Model/data conformity

The usefulness of any psychological testing device 1s
gauged. in part, by its success in differentiating respondents.
This amounts to asking the question. ‘‘How well do test
items separate the persons tested?’” In Rasch measurement
practice, a person separation index has been developed
(Wright and Stone, 1991). The person separation reliability
(PSR) index, ranging in value from 0.00 to 1.00, provides
insight into the extent to which the items comprising a test
are members of the same conceptual domain. The reliability
index for the 70 items calibrated from sample A examinees
was found to be 0.95, indicating that these items separated
the 28 respondents very well. We conclude from this finding
that these 70 items define a single, dominant variable (i.e.,
the items are homogeneous and internally consistent).

In Rasch measurement practice, an item separation reli-
ability (ISR) index has also been introduced by Wright and:
Stone (1991) to evaluate how well respondents differentiate
items. This amounts to asking the question, "*How broad is
the range of difficulty operationalized by an item set?"” The
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ISR is algebraically similar to the PSR and ranges in value
from 0.00 to 1.00. The ISR for the sample A data was found
to be 0.90, indicating that the difficulty of these 70 items
spread over a considerable range, giving breadth and mean-
ing to the variable being assessed (i.e., speech discrimina-
tion). The mean difficulty value was 0.00 logit (s.d.=2.14),
“with item difficulties spanning a range of —4.61 to +5.00
logits. The distribution of item difficulty values was sym-
metrical and. essentially, normal.

PSR and ISR are gross statistical indicators, providing a
general characterization of test qualities. To guide us in our
understanding of more specific person and item attributes,
two additional statistics have been introduced. These statis-
tics, usually expressed as INFIT and OUTFIT, are discussed
elsewhere at length by their developers (Wright and Linacre,
1991; Wright and Masters, 1982; Wright and Stone, 1979).
In general, item fit values reflect the extent to which the
observed responses to items (across persons) agree with
those predicted by the Rasch measurement model. Examina-
tion of the fit statistics associated with the 70 items cali-
brated from sample A data indicated conformity between ob-
servation (data) and prediction (model). That is, there were
no misfitting items.

When the INFIT and OUTFIT statistics are applied to
persons, we are able to evaluate the extent to which indi-
vidual examinees’ responses to items are in accord with
those predicted by the measurement model. One of the 28
individuals included in sample A had an INFIT statistic in-
dicating misfit. Person misfit to the measurement mode] re-
sults when a respondent makes too many correct discrimina-
tions on items predicted to be much harder than the
examinee is able or, conversely, when a respondent makes
many errors on items predicted to be relatively easy. Aber-
rance within the response vector for this examinee was at-
tributed to ‘‘lapse of attention,”” noted during the testing ses-
sion by the audiologist who was overseeing the test
administrations.

The final analysis performed on the sample A data in-
volved the simulation of adaptive test records for these 28
individuals. Using the adaptive testing procedure detailed
earlier, the simulated test record represented scored re-
sponses to a subset of the 70 items. The first item in the
simulated record was the same for all respondents. Thereaf-
ter, a variable branching scheme which involved person-
ability/item-difficulty comparisons was used to construct the
simulated test records, Ability estimates obtained from the
adaptive test simulation were compared, then, to the ability
estimates obtained in the situation where the same examinees
responded to all 70 items.

The mean performance of the 28 subjects on the 70
items was 1.33 logits (s.d.=1.90) and the mean performance
of the same individuals on the simulated tests was 1.43 logits
(s.d.=2.12). For the group, the difference in performance
between simulated and fixed-item conditions is not statisti-
cally significant.

When the data were subjected to casewise analysis, 27
of the 28 examinees obtained measures on the simulated tests
that were statistically equivalent to the ability estimate com-

puted from their responses to all 70 items. This result 1§
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reflected in a substantial correlation of +0.95 between the
score pairs. The statistical test for the equivalence of two
measures evaluates the magnitude of a difference in terms of
the expected standard error of the difference.

The one individual for whom statistical equivalence of
measures was not observed was the same individual sus-
pected of ‘‘attention lapses’” by the audiologist who super-
vised test administration. For all 70 items, this subject at-
tained a measure of 2.06 logits. On the simulated test, the
same individual attained a measure of 4.61 logits. The aber-
rance within the item response vector signaled by the mag-
nitude of the person fit statistics in the first instance was not
manifested in the latter (i.e.. the person fit statistics in simu-
lated test mode failed to reach significance level). Impor-
tantly, what we observe for this examinee is a deleterious
effect of administering test items which, in the fixed-item
format, are off-target (e.g., items which are too easy).

The average length of a simulated test was 14 items
(s.d.=3.4). Thus, only 20% of the items in the pool were
required to reproduce the ability measures implied by re-
sponses to all 70 items. The minimum number of items ad-
ministered under the simulated condition was 10, the maxi-
mum was 23. The"frequency distribution of number of items
administered wés"ﬁositively skewed, with 75% of the per-
sons tested responding to 15 or fewer items. Testing was
terminated for all respondents due to insufficiency of items
remaining in the pool which were appropriate in difficulty
level.

With the goal of enlarging and extending the range of
usefulness of the item bank, and to evaluate the adaptive
testing system in an actual rather than simulated setting, ad-
ditional data were obtained from 45 individuals (sample B).
Specifically, individuals in sample B interacted with a com-
puterized adaptive testing system limited to administration of
the 70 SSPDT items discussed above. The same persons also
responded to a fixed set of 60 new, experimental items (also
computer administered, but in a nonadaptive format) which
were evaluated for fit to the Rasch measurement model and,
hence, addition to the item bank.

The person separation reliability for the 60 new SSPDT
items, calibrated from the sample B data, was found to be
0.94, indicating that these items separated the 45 persons
tested very well. Mean performance of the same individuals
on the 60-item fixed form of the SSPDT was 1.12 logits
(s.d.=1.79). The item separation reliability for the sample B
data was found to be 0.91, indicating that the difficulties of
the 60 new items spread out over a broad range.

Fifty-nine of the sixty new SSPDT items had fit statistics
indicating model/data conformity. One item had associated
INFIT and OUTFIT values indicating that it should be moni-
tored (i.e., administered, but not scored) presently. Forty-
four of the forty-five persons tested fit the Rasch measure-
ment model. That is, in the evaluation of the regularity of
individual response vectors, 44 persons responded to items
consistent with model predictions; irregularity in the re-
sponse pattern was observed for one examinee, reflecting too
many errors on items predicted to be relatively easy for the
respondent.

Mean performance of the 45 persons tested on the adap-

Bochner et al.. The speech sound pattern discrimination test 2292



tive SSPDT format was 2.64 logits (s.d.=1.91). The mea-
surements of these persons on the adaptive and ftixed-item
formats constitute the essential “*‘common person’” data for
linking the 60 new items onto the reference scale defined by
the 70 items calibrated with sample A data. Specifically. the
difference in the two ability means [2.64—1.12=1.52 logits]
corresponds to the translation constant necessary to bring the
items calibrated with sample A and sample B data onto a
common scale.

With this scaling adjustment, the 60 items calibrated us-
ing sample B data spanned a difficulty range of —1.19 to
+5.00 logits. The intent to extend the range of difficulty of
the items upward from that observed with the sample A data
was not realized. Rather, the sample B data served to enlarge
the item bank in regions defining moderate and very difficult
speech discrimination tasks.

For the adaptive test format, the mean number of items
administered to sample B respondents was 14 (s.d.=4.0).
This is consistent with what was observed with simulated
adaptive testing in sample A. All but one examinee exited
the testing sequence due to insufficiency of items remaining
in the pool with appropriate difficulty levels. One examinee
(with normal hearing) attained a perfect score upon reaching
the extreme level of item difficulty.

Just as the items were combined into a common bank,
the persons tested were pooled into a common sample
{sample C). For each individual in sample C, there were two
estimates of speech discrimination ability. One estimate, and
its associated standard error, was obtained using a common-
item test format; the other estimate, and its associated stan-
dard error, was the result of adaptive test administration
(simulated or real). Sixty-one of the sixty-eight persons in
sample C attained statistically equivalent ability estimates.
For these 68 individuals, the Pearson correlation between the
ability estimates was +0.93. For sample B respondents only.
the comparable correlation was +0.92. We conclude from
analyses presented to this point that the test data are charac-
terized rather well by thé Rasch model for person measure-
ment. Further, once we have estimated the item difficulties,
we are able to tailor tests to test-takers in a manner which is
both informative and efficient.

B. ltem content analysis

The analysis of item content is concerned with the char-
acterization of contrasts occurring within the block of trials
comprising an item. The contrasts manitested in each block
of trials were characterized according to categories of pho-
netic features and acoustic properties. In this analysis, con-
sonant contrasts were, for the most part, classified according
to phonetic features of place, manner, and voicing, while
vowel contrasts were classified according to features of
tongue position/advancement and tongue height. These pho-
netic features are associated with specific acoustic properties
of speech, and their perception is known to vary as a func-
tion of the portion of the speech spectrum which is audible to
listeners (e.g., Dubno and Levitt, 1981; Miller and Nicely,
1955; Pickett et al., 1970). Trials involving replication of the
target sentence (i.e., ““same’’ trials) have not been included
in this analysis because they do not involve a contrast (i.e.. a
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difference) in item content and because previous reserach has
shown that these trials are inherently easier than their coun-
terparts (Bochner et al., 1992). Four of the 130 SSPDT items
had 4/4 trials which were replications of the target stimulus
(i.e., comparisons were ALL ‘“‘same’’).

Since an item is scored correct if and only if an exam-
inee’s response to each of the four trials is correct, we rea-
soned that the difficultly of an item would be determined by
that of its most difficult trial. An analysis of examinees’ re-
sponses supported this reasoning, indicating that trials which
involved contrasts in the phonetic features and acoustic prop-
erties expected to be least audible consistently presented the
greatest difficulty for listeners. Within each item, then. the
trial involving the least audible contrast may be regarded as
dominant because it determines the difficulty of the entire
block of four trials comprising the item. In a few items,
however, one trial could not be deemed more difficult than
others. Such items are, therefore, regarded as having more
than one dominant trial.

The test items were characterized in terms of four con-
tent categories. Three categories account for one or more
segmental contrasts occurring within a single syliable, and
characterize item difficulty in terms of differences in pho-
netic and acoustic content observed between the pair of ut-
terances comprising the dominant trial. The fourth category
accounts for gross contrasts extending across two or more
syllables, and characterizes item difficulty without reference
to phonetic features or the notion of a dominant trial. The
four categories are ordered from most difficult (category Z)
to least difficult (category W). Examples of items in each
category are shown in Table .

Category Z items are characterized by spectral cues con-
tained in the vicinity of the second format, such as cues for
place of articulation for consonants and tongue position/
advancement for vowels. Contrasts among semivowels (e.g..
“led”’—"wed"—"‘read’’) are also included in category Z.
as are certain contrasts involving sibilants. Some items clas-
sified in category Z contain more than one contrast within a
single syllable. Such items may contain a contrast involving
the semivowels /y,w,1,r/, an extra /s/ segment, and/or a con-
trast in place of articulation (e.g.. “‘trap’’—*'strap,”
“stray’’—"‘clay,” and *‘throat”’—**float’"). These contrasts
are characterized by phonetic cues contained in the upper
regions of the speech spectrum. Since their perception tends
to be associated with acoustic cues in the vicinity of the
second formant and above, and they occur within a single
syllable, these contrasts conform to the criteria for classify-
ing items in category Z.

Category Y items are characterized by spectral and tem-
poral cues appearing in the vicinity of the first formant, such
as cues for manner of articulation for consonants (with or
without an accompanying place contrast) and tongue height
for vowels. Contrasts involving the presence of an extra
voiceless consonant (other than an extra /s/ segment as de-
scribed above), and/or an extra semivowel within a conso-
nant cluster are also included in category Y. as are some
items containing more than one contrast within a single syl-
lable (e.g.. ‘‘car’”’—"‘cart,”” ‘‘tie”’—‘‘try,”” ‘‘crime’’—

g.
“‘time.”” and ‘*shoes’"—*‘clues’"). Category Y, therefore, in-

LR}
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TABLE 1. Sample SSPDT items. (Note: In the samiple items [T] denotes
target sentence, * denotes dominant trial.)

TABLE Il. SSPDT item difficulty by content categories. (Note: Difficulty
values are in logits.)

Category Example Category Mean S.D. Min Max

Z My grandmother left her CAKE at the party. [T] W (Multiple contrasts) —291 1.15 —4.61 -0.73

My grandmother left her CANE at the party. X (Voicing) 0.22 1.09 —2.56 2.23

My grandmother left her CAPE at the party. * Y (Manner) 1.16 0.99 -1.19 3.06

Z (Place) 2.86 1.33 0.23 5.00

We quickly had to brush off the SEAT. [T]
We quickly had to brush off the SOOT.
We quickly had to brush off the SUIT. *
v MAKE a dozen cookies for the party next week. [T] minimum and_ maximum difficulty ve}lues. Results of an
TAKE a dozen cookies for the party next week. analysis of variance indicated that the difficulty values of the
BAKE a dozen cookies for the party next week. * items differ significantly across content categories
— 123, <0  Pairwi .

The children dropped the PAN. [T] (F3122=123 2, p<0.001). Pairwise comparisons between
The children dropped the PEN.* the means using Newman—Keuls range tests indicated that
The children dropped the PIN. each of the item categories differs reliably from all others

<<0.05). For category Y and Z items, contrasts involvin
X She felt like KILLING him when the dance was over. [T] (p' ) gory . g
She felt like KISSING him when the dance was over. * voiceless consonants were found to be more difficult than
She felt like KICKING him when the dance was over. contrasts 1mvolving voiced consonants (F,,=8.57, p

he SHIP. [T <0.0D).
SS:§ :VV:::E :;) SS:: :h: SHEE'P[ ,1 Finally, the test items vary somewhat with respect to the
She wants (o see the SHAPE. number of segmental contrasts occurring within a single syl-
She wants to see the SHOP. lable. That is, items contain contrasts in one, two, or three
honetic segments-as described in the characterization of cat-
w Plants need RAIN. [T] p & :

Plants need WATER AND SOIL.
Plants need SUNSHINE.

The boys played IN THE STREET. [T]
The boys played TENNIS.
The boys played WITH MATCHES.
The boys played BASEBALL.
The boys played FOOTBALL.

cludes items with acoustic cues occurring within a single
syllable which can be discermed in the central and lower
regions of the speech spectrum.

Category X items are characterized by spectral and tem-
poral cues available in the lower region of the first formant
(i.e.. below about 500 Hz), such as cues for consonant voic-
ing (with or without an accompanying place and/or manner
contrast) and vowel length/tenseness. Contrasts involving the
presence of an extra voiced consonant (other than an extra
semivowel as described above) and some items containing
more than one contrast within a single syllable are also in-
cluded in category X (e.g., ‘‘rush’’—*‘brush,”” ‘‘rides’’—
**writes,”” *‘food”—*‘wood,”” and ‘‘sand’’—*'‘sun’’). Cat-
egory X, therefore, includes items with acoustic cues
occurring within a single syllable which can be detected in
the lower regions of the speech spectrum.

Category W items have multiple phonetic contrasts oc-
curring across two or more syllables. These contrasts in fre-
quency, intensity, and time are associated with changes in
the shape of the speech waveform envelope. Contrasts of the
sort included in category W items can be detected in the
lowest regions of the speech spectrum.

Each test item was classified according to the category
schema described above. The relationship between category
membership and item difficulty was examined. Table II pre-
sents the mean difficulties (in logits) of items contained in

each of the four categories. along with standard deviations,
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egories Z, Y, and X. Variation of this sort, however, is not
associated with item difficulty. For each item, differences in
the number of contrasting segments were quantified in terms
of the minimum, maximum, and average number of contrasts
occurring within a single syllable. Pearson correlation analy-
sis indicated that, regardless how variation in the number of
contrasts was quantified, this variable was not associated
with item difficulty.

C. Muitiple regression and correlation analyses

When a test is used to describe the extent to which a
person manifests some trait or ability, construct validity is a
relevant concern. Essentially, the construct validation pro-
cess invites analyses of the meaning of test scores in terms of
psychological constructs. Before concluding that the infor-
mation provided by the SSPDT reflects the degree to which
one can discriminate or process speech sound patterns, we
sought to inquire further as to the functional relationships
which might exist between this test and conventional mea-
sures of speech discrimination, as well as hearing loss for
pure tones. The attempt here was to study the linkage be-
tween different, related constructs.

Pearson correlation between respondents’ adaptive test
scores on the SSPDT and scores on the CID Everyday Sen-
tences Test (lists 2, 5, and 8: Davis and Silverman, 1978)
yielded a coefficient of +0.82, indicating a respectable
amount of shared variance. A subset of respondents in
sample C also had data available on their performance on
PB-50 word discrimination tests (n=41). These tests in-
cluded CID Auditory Test W-22 (Hirsch et al., 1952), the
NU-6 (Tillman and Carhart, 1966), and PAL PB-50 (Egan,
1948). The correlation between SSPDT adaptive test scores
and scores on the word lists for these 41 individuals was
found to be +0.66. The correlation between adaptive test
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TABLE HI. Summary regression analysis. (**p<<0.01.)

Variable B S, B 1
X, CID Everyday 4.06 0.57 0.59 T 14%*
Sentences
Test Score
X, Pure Tone -0.03 0.01 —0.35 —427**
Threshold
(Constant) 2.11 0.78 2.72%*

scores on the SSPDT and hearing loss for pure tones was
—0.74 for all respondents in sample C.

Table III presents the results of a stepwise multiple re-
gression analysis performed on sample C data. In this analy-
sis, the SSPDT adaptive test score served as a criterion vari-
able, and score on the CID Everyday Sentences Test (X )
and pure tone threshold (X,) served as predictors. Both pre-
dictor variables met the minimal criteria for entry into the
regression equation. Reported in the table are the raw score
or unstandardized regression coefficients (B) and their stan-
dard errors (s,), standardized regression coefficients (83) in-
dicating the relative importance of X, and X, in predicting
the SSPDT score, and ¢-statistics resulting from a test of the
significance of each B against a reference value of zero.

In all, the predictor variables yielded a multiple R of
+0.87, accounting for approximately 75% of the variation in
examinees’ scores on the SSPDT. There appears to be, then,
something of a working equivalence between performance
on the SSPDT and independent assessments of related sen-
sory and perceptual capabilities, with 25% unexplained
variation remaining. While the range of values which the
predictor variables can assume in the regression equation is
infinite, only values in the range 0.00—1.00 (proportions) for
X,,and 0-107 (dB) for X, are meaningful in the present
discussion. These limits establish floor and ceiling values.
The correlational findings presented above, as evidences of
construct validity of the SSPDT, are discussed in detail in the
following section. ) o

Finally, differences among subjects based on the shape
of their audiometric configuration (i.e., flat, gradually slop-
ing, and steeply sloping hearing losses) were evaluated. An
analysis of variance performed on their adaptive SSPDT
scores revealed no statistically significant differences in per-
tormance based on the configuration of their hearing losses.

ll. DISCUSSION
A. Adaptive testing with a Rasch measurement model

Reported in the previous section are the results of de-
tailed analyses of the fit of individual test items to the Rasch
model, as well as the fit of persons to the measurement
model. The results of Rasch test analysis have been used to
position items along a hypothetical continuum. The locations
of the items along this continuum correspond to their relative
difficulty. Estimates of person ability are used to position
persons along the continuum, and represent the speech dis-
crimination capability implied by their SSPDT scores. The
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outcome of the interaction that occurs when an examinee is
presented with an item is governed by the difterence between
person ability and item difficulty.

Reliabilities of the SSPDT were studied from multiple
perspectives. We evaluated the extent to which the SSPDT
items, as a set, were internally consistent. We also studied
the internal consistency of individual examinees’ responses
to test items. We asked what the items told us about the
persons tested, and what the persons tested told us about the
items. Correlational analyses were used to compare part- and
whole-test scores for statistical equivalence in simulated and
actual computerized testing situations. When the resuits of
the individual analyses are considered collectively, we con-
clude that the data are well-characterized by the Rasch mea-
surement model, leaving us with an item bank composed of
130 blocks of speech discrimination trials.

With the item difficulty and person abilities estimated
from common-item test administrations. our attention turned
to the evaluation of an adaptive testing system designed to
reduce the imprecision inherent in conventional forms of
speech discrimination measurement. The adaptive testing
system sought to eliminate from the testing experience items
which were inappropriate in difficulty for given examinees
(i.e., items judged to be either too easy or too hard). The
success of our efforts was measured by the ability of the
adaptive test scores to predict performance on a lengthier
common-item test form. From these analyses. we conclude
that the adaptive testing system represents a reliable, efficient
alternative to traditional methods of speech discrimination
measurement. The adaptive test requires approximately 10
min to administer. A shorter administration time is desirable
for use in clinical settings, and is achievable through modi-
fication of the testing protocol.

Among its positive qualities, the SSPDT uses items
comprised of sentences which approximate natural, everyday
speech. The testing system is driven by a mathematical mea-
surement model which has been the subject of extensive,
rigorous research. The adaptive testing procedure uses an
objective ‘‘up—down’’ method of item selection designed to
limit testing to maximally informative scorable units. The
item bank is large enough that individual items do not have
to be used repeatedly for a given examinee on multiple test-
ing occasions.

The test is capable of effecting equiprecise measurement
across a wide range of speech processing capability. It has
diagnostic/analytic utility, providing immediate scoring and
substantive feedback concerning the processing of acoustic
and phonetic dimensions of speech. Evidences of test reli-
ability are comparable to those reported for conventional
forms of speech recognition measurement (ct. Thornton and
Raffin, 1978).

B. Construct validity

The results of the correlation and multiple regression
analyses provide evidence of the construct validity of the
SSPDT. The correlation between adaptive test scores on the
SSPDT and scores on the CID Everyday Sentences Test (r
= +().82) indicates that these tests measure a common con-
struct. Furthermore, the magnitude of the correlation is what
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one might expect given the measurement error associated
with CID Everyday Sentences Test scores. Similar correla-
tion have been obtained between scores on the CID Every-
day Sentences Test and CID Auditory Test W-22 (Sims,
1975).

The correlation between adaptive test scores on the
"SSPDT and average hearing loss for pure tones (r =
— 0.74) is high i comparison to correlations obtained be-
tween pure tone thresholds and scores on conventional.
monosyllabic word-recognition measures of speech discrimi-
nation. In a study of the relationship between measures of
hearing loss for pure tones and scores on conventional
speech discrimination tests, Elliott (1964) obtained moderate
correlations ranging from approximately —0.50 to —0.70. In
this context. the magnitude of the correlation observed in this
study (r = —0.74) is quite reasonable.

The results of the multiple regression analysis indicate
that CID Everyday Sentences Test scores and average hear-
ing loss for pure tones collectively account for a large pro-
portion (75%) of the variance in examinees’ adaptive test
scores on the SSPDT. This finding, in conjunction with the
results of the correlational analyses above, demonstrates that
the SSPDT is measuring sensory and perceptual capabilities
associated with the processing of speech sound patterns.
These data are evidences of construct validity of the SSPDT.

Similanities between the SSPDT listening task and mod-
els of the speech perception process provide additional evi-
dence of the construct validity of the test. The listening task
is not a simple discrimination task. In previous research
(Bochner et al., 1992), the task has been described as a
modified discrimination task because each item consists of a
block of discrimination trials in which a target sentence is
“*paired’’ with each of four comparison sentences. Describ-
ing the listening task in this way, however. does not capture
the fundamental similarities it shares with the process of
speech perception. Although the listening task performed by
examinees responding to SSPDT items is not equivalent to
the perception of fluent speech in communicative contexts, it
nevertheless incorporates two components included in con-
ventional models of speech perception, an auditory memory
component and a comparison/matching component.

Various models of speech perception include an auditory
memory component such as the precategorical acoustic stor-
age described by Crowder and Morton (1969). A sensory
register of this sort is incorporated in analysis-by-synthesis
(Stevens, 1960: Stevens and Halle, 1967: Stevens and House,
1972). template-matching (Klatt, 1980: Oden and Massaro,
1978) and information-processing (Pisoni and Sawusch,
1975) models. The SSPDT listening task requires an auditory
memory buffer to store each incoming comparison stimulus
while it is being compared to the target sentence.

Analysis-by-synthesis and template-matching models
also include components in which the identity of linguistic
representations is determined by a matching procedure
and/or verified by a comparison procedure. Matching and
comparison are inherently similar activities; however, they
can serve two distinct purposes. They can serve an identifi-
cation function or a verification function. The identification
function is associated with template-matching models The

2296 J. Acoust. Soc. Am., Vol. 101, No. 4, April 1997

verification function. on the other hand, is associated with
analysis-by-synthesis. Some models (e.g., Klatt, 1980) may
even utilize comparison/matching routines for both identifi-
cation and verification purposes.

The SSPDT listening task requires that a comparison be
made to verify utterance content. The comparison routine
involved in the SSPDT listening task is, therefore, similar to
the comparison function depicted in the analysis-by-
synthesis model. This routine, moreover, is similar to the
process listeners use to verify the identity of linguistic rep-
resentations in communication situations where contextual
cues have been used to predict or anticipate the lexical con-
tent of a portion of an utterance (see Klatt, 1980; Stevens and
House, 1972). Even though the primary purpose of the
comparison/matching routine is verification, not identifica-
tion, the SSPDT listening task still bears resemblance to
template-matching procedures designed to ascertain the de-
gree of similarity between perceptual prototypes of speech
sounds and representations stored in auditory memory. This
listening task also bears indirect resemblance to discovery
procedures designed.to detect the presence/absence of acous-
tic properties of speech in the information-processing model
(Pisoni and Sawusch, 1975).

The SSPDT.1fstening task is: in some respects, analo-
gous to a closed response set (multiple-choice) procedure.
Closed response set procedures involve the selection of one
correct response from among a set of alternatives, and may
be considered logically equivalent to a discrimination task in
which the target utterance is paired with each response alter-
native. In other words a closed response set task can be re-
duced to a series of discrimination judgments involving
paired comparisons between the utterance and each response
alternative. While closed-set procedures permit one and only
one response alternative to match the utterance, the SSPDT
listening task allows for every possible combination of
matches between the utterance and response alternatives (i.e..
responses ranging from all “*same’’ to all ‘‘different’” to ev-
erything in between). As a result, this listening task is not
strictly equivalent to a closed response set procedure because
it permits a greater range of response vanation. The SSPDT
listening task, therefore, may be considered a variant of the
closed response set procedure.

In summary, the construct validity of the SSPDT has
been supported with reference to the results of correlation
and multiple regression analyses and with reference to simi-
larities between the listening task and models of the speech
perception process. Taken together. these data and arguments
provide strong evidences of the construct validity of the
SSPDT.

C. Content validity

The results of the item content analysis provide evidence
of the content validity of the SSPDT. The analysis of vari-
ance results indicate close correspondence between place-
ment of items along the difficulty continuum and classifica-
tion of items in terms of categories of acoustic and phonetic
features. Data from studies conducted with degraded speech
(Dubno and Levitt, 1981; Miller and Nicely. 1955) and stud-
ies conducted on hearing-impaired listeners (Dubno er al..
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1982; Owens et al., 1972; Pickett et al.. 1970) have shown
that phonetic features of place, manner, and voicing com-
prise a hierarchy of audibility for consonants. Within the
categories used to characterize place and manner contrasts
(i.e., categories Y and Z), a tendency was observed for items
containing voiceless consonants to be more difficult than
items containing voiced consonants. Dubno and her col-
leagues (1982) reported a similar finding for listeners with
steeply sloping audiograms, as did Dubno and Levitt (1981)
for normal-hearing subjects listening to degraded speech.

The acoustic correlates of tongue position/advancement
and tongue height (Peterson and Bamey, 1952) and of
tenseness/length (Peterson and Lehiste, 1960) suggest a hier-
archy of audibility for vowels similar to that for consonants
(see Boothroyd. 1988: Pickett er al, 1970). Acoustic and
phonetic features used to characterize consonants and vow-
els, as well as distinctions pertaining to changes in the shape
of the speech waveform envelope, are clearly associated with
differences in item difficulty. Since item difficulty is related
to acoustic and phonetic patterns. scores on the SSPDT can
be interpreted in terms of a speech sound pattern audibility
hierarchy and used for diagnostic/analytic purposes.

The categories used to characterize item contents (i.e.,
categories X, Y, and Z) permit more than one segmental
contrast to occur within a single syllable. Since the results of
previous reserach suggested that the quantity of segmental
contrasts might influence item difficulty (Bochner er al.,
1992), it was thought that items containing two or three pho-
netic contrasts within a single syllable might be easier than
items containing one such contrast. Analyses of data in this
study. however, indicate that the quantity of contrasts within
a single syilable does not influence item difficulty. [tems
containing two or three segmental contrasts within a single
syllable are not inherently easier than items containing one
such contrast. Therefore. the nature of phonetic contrasts oc-
curring within a single syllable is the primary determinant of
item difficulty.

Previous research has suggested that overall perfor-
mance on consonant recognition tests is not ‘strongly associ-
ated with specific patterns of perceptual confusion (Bilger
and Wang. 1976; Dubno er al., 1982). or with scores on con-
ventional speech discrimination tests (Owens and Shubert,
1977). Bilger and Wang (1976) concluded that overall per-
formance and patterns of perceptual confusion on a
nonsense-syllable recognition task are retatively independent
of one another, and Owens and Shubert (1977) reported a
weak correlation (r = +0.35) between scores on the Califor-
nia Consonant Test and scores on CID Auditory Test W-22.
Unlike the tests used in these studies, the SSPDT does not
provide information about a listener’s performance on indi-
vidual sound segments. The SSPDT does, however, provide
information of a more general sort pertaining to the process-
ing of speech sound contrasts, perception of phonetic feature
categories and recognition of acoustic patterns. In addition,
the SSPDT provides information about a listener’s overall
speech discrimination ability.

Various studies (Bilger and Wang, 1976; Dubno et al.,
1982: Owens et al., 1972) have reported relationships be-
tween certain confusions in consonant perception and audio-
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metric configurations. In general, listeners with flat hearing
losses tend to perform better than listeners with sloping high-
trequency hearing losses on consonant recognition tasks.
More specifically, it has been found that sibilant consonants,
for example, tend to be recognized better by listeners with
flat hearing losses.

Unlike the findings of Dubno et al. which showed ef-
fects of audiometric configuration on performance on a
nonsense-syllable task, performance on the SSPDT was not
influenced by audiometric configuration. Since it is reason-
able to expect that listeners with flat hearing losses may have
less difficulty with speech sounds characterized by high-
frequency acoustic cues, such as sibilants, we conclude that
the disparity in our respective findings may reflect differ-
ences in the magnitude of hearing loss of listeners who par-
ticipated in the separate studies. Dubno et al. selected sub-
jects broadly representative of listeners with mild to
moderate sensorineural hearing loss, while our sample in-
cluded a disproportionate number of listeners who were se-
verely to profoundly deaf. This pattern of results combined
with item-difficulty data suggests that the SSPDT, in its
present form, may not be as useful for persons with mild to
moderate hearing loss as it is for persons with severe to
profound hearing loss.

Although item difficulty is determined primarily by pho-
netic and acoustic factors, other variables may influence lis-
teners’ performance. For example, reserach has shown that
the location of a contrast within a syllable (Dubno et al.,
1982) and within a sentence (Bochner er al., 1992) can aftfect
listeners’ performance. It is also possible that exchanging the
target sentence with a comparison sentence may, under cer-
tain circumstances, influence the difficulty of an item (e.g..
exchanging the target ‘‘trap”” with the comparison *‘strap’
may alter item difficulty). The identity of the talker might
also affect performance on a listening task. That is, it is
reasonable to expect that use of a female’s voice might shift
the item calibrations upward in the direction of greater diffi-
culty. These possibilities should be investigated in future re-
search. More importantly, they point out the need to empha-
size that the SSPDT provides a general indication of
listeners’ ability to process categories of phonetic features, as
opposed to detailed information about the processing of spe-
cific features.

The content validity of the SSPDT is enhanced by the
fact that items are comprised of meaningful sentences having
vocabulary and syntax generally appropriate for individuals
with limited English language proficiency. Specifically, dif-
ficult vocabulary, subordinate clauses, and passive construc-
tions have, for the most part, been avoided. Furthermore,
listeners’ responses are not influenced by their English lan-
guage proficiency since they (the responses) are merely com-
puter keystrokes corresponding to "‘same’’ and *‘different.”’
That is, the responses ‘‘same’” and ‘‘different’” do not in-
volve linguistic competencies which underlie expressive lan-
guage production. Viewed from a slightly different perspec-
tive, sentence-level stimuli have the advantage of more.
closely resembling actual listening activity in terms of acous-
tic and linguistic context than do word-level stimuli. It is
possible, however, that similar results may be obtained with
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word-level stimuli; but, this possibility will need to be inves-
tigated in future research.

In summary, scores on the SSPDT provide information
pertaining to an examinee’s ability to: (1) process speech in
sentence contexts; and (2) discriminate acoustic and phonetic
patterns in fluent speech. The data reported herein provide

“convincing evidence of the content validity of this test.

IV. CONCLUSIONS

The results of this investigation indicate that the SSPDT
is a valid, reliable, efficient test of speech processing ability
which measures sensory and perceptual capabilities used to
process speech in sentence contexts. Test scores were found
to be correlated with pure-tone thresholds and with scores on
independent measures of speech discrimination. Moreover,
scores on the SSPDT provide diagnostic/analytic information
about examinees’ ability to process acoustic and phonetic
dimensions of speech in a highly reliable manner. These
characteristics of the SSPDT make it a potentially attractive
tool for the field of audiology (see Boothroyd, 1991; Tyler,
1994).

The computerized adaptive delivery system affords this
test a number of advantages over conventional speech dis-
crimination tests. Most importantly, the testing experience is
individualized, with items being selected by an objective
“‘up—down’’ method on the basis of their information value.
The SSPDT also permits equally precise measurement across
a wide range of speech processing ability. The pool of items
is sufficiently large to enable an examinee to be tested on
multiple occasions with no two occasions containing identi-
cal sets of items. These characteristics make the SSPDT a
very efficient measurement tool.
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