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A concern in computerized adaptive testing is
whether data for calibrating items can be collected
from either a paper-and-pencil (P&P) or a computer ad-
ministration of the items. Fixed blocks of power test
items were administered by computer to one group of
examinees and by P&P to a second group. These data
were used to obtain computer-based and P&P-based
three-parameter logistic model parameters of the
items. Then each set of parameters was used to esti-
mate item response theory pseudo-adaptive scores for
a third group of examinees who had received all of the
items by computer. The effect of medium of adminis-
tration of the calibration items was assessed by com-
parative analyses of the adaptive scores using
structural modeling. The results support the use of
item parameters calibrated from either P&P or com-

puter administrations for use in computerized adaptive
power tests. The calibration medium did not appear to
alter the constructs measured by the adaptive test or
the reliability of the adaptive test scores. Index
terms: computerized adaptive testing, item calibration,
item parameter estimation, item response theory, me-
dium of administration, trait level estimation.

Computerized adaptive tests (CATS) pr&reg;vid~ ~ff ~
cient assessment of constructs (see
1983). When combined item response
theory CATs use item parameter estimates to
select the most informative item for administration
at each stage of the assessment; these parameters
also are used to both and interval esti-
mates of the examinee’s score.
A concern in the initial development or

a CAT is whether the items must be calibrated from
data collected in a computerized administration or
whether equally accurate results can be obtained by
calibrating the items from data collected in a paper-
and-pencil (P&P) administration. For example, in the
development of the CAT version of the Armed Ser-
vices Vocational Aptitude Battery (~~,’r-~s~~)9 item
parameter estimates were available only from a P&P
administration of the items (Prestwood, Vale,
Masscy, ~ ~lelsh9 1985) because computers were
not available at the testing sites. This made it im-
portant to assess whether scores obtained on the CAT-
ASVAB using the P&P-based item calibration had the
same interpretation and precision as scores obtained
from a computer-based calibration of the items.

Previous research comparing the effects of com-
puter-based and P&P-based administration of cogni-
tive tests has been concerned primarily with the
medium or mode of administration (MOA) of the
actual test rather than the MOA used for item cali-

bration. Although this research has not always ex-
plicitly addressed the effects on CA’rs9 it has provided
a number of results that are suggestive of the poten-
tial importance of three effects of the MOA.

Previous studies have examined the effect of the

MOA on the construct assessed by the test. Observed-
score factor analytic and correlational studies by
Moreno, ~Jetzel~ McBride, & Weiss (1984) and
~&reg;re~a&reg;9 Segall, ~ Kieckhaefer (1985) suggested
that the factor pattern of a cognitive battery has the
same hyperplane pattern whether the tests are ad-
ministered by conventional P&P or adaptively by
computer. Also, a meta-analytic study by Mead &
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Drasgow (1993) indicated that correlations close to
1.00 were obtained between computerized and P&P
versions of the same test when the correlations were
corrected for attenuation and the tests were power
tests; this result was found whether the computer-
ized tests were adaptive or nonadaptive. The find-
ings of Mead and Drasgow imply that the
disattenuated correlations among tests of different
traits were essentially the same whether the traits
were measured using the same MOA or a different
MOA. However, this implication has yet to be tested
empirically.

Previous studies also have examined the effect of
the MOA on the precision of the test. Green, Bock,
Linn, Lord, & Reckase ( 984) suggested that
nonsystematic effects of the MOA could degrade the
precision of CATS if the tests were administered and
scored using p&p-based item calibrations. They noted
that such effects could arise when some items were
affected (e.g., in difficulty) by the MOA and other
items were not. Divgi (1986) and Divgi & Stoloff

(1986) studied this problem empirically and found
that item response functions (iRFs) estimated from
items administered adaptively by computer differed
from IRFs obtained from a conventional P&P admin-
istration of the same items. However, these differ-
ences were found not to be systematically related to
the content of the items and, when applied to the
scoring of adaptively administered items, produced
only slight effects on final test scores. Als&reg;,1~&reg;rer~&reg;
& Segall (1992) showed that even if nonsystematic
effects of calibration error result from using a P&P-
based calibration in an adaptive test, the adaptive test
still can have greater reliability than a longer, con-
ventional P&P test. Although these results are reas-
suring about the relative precision of CATS and con-
ventional P&P tests, what remains to be demonstrated
is whether the medium used to obtain data for com-

puting item parameters affects the precision of a CAT;
specifically, whether nonadaptively computer-ad-
ministered items produce a calibration that results
in CAT scores with greater reliability than scores pro-
duced from a P&P-based calibration.

Previous studies also have investigated the effect
of the MOA on the score scale of the test. Green et al.

( 19~4) suggested that the MOA could have a system-

atic effect on the score scale; for example, by making
all of the items on the test more difficult or easier to
a similar extent. Empirical results reported by Spray,
Ackerman, Reckase, & Carlson (1989) and meta-
analyzed by Mead & Drasgow (1993) indicated that
computer-administered items can result in slightly
lower mean cognitive test scores than P&P-adminis-

tered items. Spray et al. (1989) also used the regres-
sions of items on total scores to investigate whether the
effects were general to all items or specific to some
items; however, they found no MOA effect for most of
their items, which made their results inconclusive.
What remains to be investigated is whether the ef-
fects of the MOA on the score scale of a test are sys-
tematic-that is, removable by a transformation (e.g.,
linear) of the score scale-or nonsystematic-that is,
altering the reliability of scores by affecting the dif-
ficulty of some items but not others.

Purpose

The primary purpose of this study was to com-
pare the effects on CAT scores of using a P&P calibra-

tion versus a computer calibration to select items
and estimate scores, The two primary effects under
investigation were the effects on (1) the construct
being assessed and (2) the reliability of the scores.
The specific question for each effect was the extent
to which adaptive scores obtained with computer-
administered items and a P&P calibration correspond
to adaptive scores obtained with the same computer-
administered items (and responses) and a computer
calibration. A secondary effect under investigation
was the influence of calibration medium on the score

scale. The specific question for this effect was the
extent to which IRT difficulty parameters obtained
with a P&P calibration corresponded to those obtained
for a calibration of the same items from a non-adap-
tive computer administration.

Method

At each testing session, examinees were randomly
assigned to one of three groups. Fixed blocks of power
test items were administered by computer to one group
of examinees (Group 1 ) and by P&P to a second group

(Group 2). These data were used to obtain computer-
based and P&P-based three-parameter logistic model
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(3PLM) calibrations of the items. Each calibration
then was used to estimate IRT adaptive scores or trait
levels (6s) for a third group of examinees who were
administered the items by CAT real-data simulation
(Group 3). The effect of the calibration MOA (CMOA)
on the construct being assessed and on the reliabil-
ity of the test scores was assessed by comparative
analyses of the bs using the alternative calibrations.
The effect of the CMOA on the score scale was as-

sessed by a comparative analysis of IRT difficulty
parameters from computer-based andP&P-based cali-

brations.

Examinees

The examinees were Navy recruits stationed at
the Recruit Training Center in San Diego. The total
number of examinees was 2,955. There were 989
examinees in C~roup 1, 978 in Group 2, and 988 in
Group 3. These sample sizes were adequate for in-
dependent calibrations. A simulation study by Hulin,
Drasgow, & Parsons (19~39 pp. 101-who) suggested
that larger samples produce little improvement in
the precision of IRFs and scores, given the number
of items (40) used in these calibrations. ASVAB scores
were obtained from file data for nearly all examin-
ees and were used to assess whether the groups were

comparable in ability levels.

Calibration Tests

The items were taken from power test pools spe-
cifically developed for the CAT-AS VAB by Prestwood
et al. (1985). 40 items from each of four content
area tests-general science (0s), arithmetic reason-
ing (AR), word knowledge (~~), and shop informa-
tion (sI)-were used (160 items in total). Although
only four of the 11 CAT-ASVAB tests were included
in this study, the MOA tests were administered in the
same order as in the CAT-ASVAB.

The three groups received exactly the same items
with the same instructions, the same practice prob-
lems, in the same order, and with the same time
limits. The items were conventionally administered
in order of ascending difficulty, using the 3PLM dif-
ficulties obtained by Prestwood et al. (1985). The
P&P test employed a booklet and an optically scanned
answer sheet; the booklet format was the same as

that used in the original P&P calibration by Prestwood
et al. (1985). The computer-administration format
was the same as that used in the CAT-ASVAB (one
item per screen, no return to previous items, omits
not allowed). Practice problems and instructions
were printed on the booklet and read aloud by the
proctor for the P&P group (Group 2), and presented
on the screen, with the option to repeat, for the com-
puter groups (Groups 1 and 3).

The tests were timed; however, time limits were
liberal. They were prorated from 95% completion
times obtained in previous research for the same tests,
with the addition of 10% to allow for a higher
completion rate. Test order and time limits were as
follows: GS (19 min), AR (63 min), WK (16 min),
and si (17 min).

Item Calibrations

IRT parameter estimates based on the 3PLM (Bim-
baum, 1968) were obtained in separate calibrations
for computer Group 1 (calibration C 1 ) and for P&P

Group 2 (calibration C2). The response datasets on
which the calibrations were based were labeled t11

andU2, respectively. The calibrations were performed
with LOGIST 6 (~lJi~~~rsky, Barton, & Lord, 1982), a
computer program that uses a joint maximum like-
lihood approach. Response dataset U3 from Group 3
(the second computer group) was not used in the
calibrations. The design with the corresponding
notation is summarized in Table 1.

Table 1

Calibration Design

Scores

For each examinee in Group 3, two bs were com-
puted for each test (see Table 2). All 6s were based
on the U3 responses. bs for variables ~USC9 ~Apc’
~y~c’ and X,,c (where C is computer CMOA) were
calculated using the computer-based item parameters
(c 1). Scores for variablesXcsP9 XA~,9 XIKII and Xs,,
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(where P is P&P CMOA) were calculated using the
P&P-based item parameters (C2). All bs were based
on simulated CATS, computed as described below,
using &reg;nly 10 of the 40 responses from a given ex-
aminee.

Table 2
Variable Definitions for the Scores

Computed From Response
Dataset U3 for Two CMOAs

Adaptive scores. To compute the adaptive 6s,
10-item adaptive tests were simulated using actual
examinee responses. As in CAT-ASVAB, a normal ~091 )
prior distribution of 0 was assumed, Owen’s (1975)
Bayesian scoring was used to update 6, and a Baye-
sian modal estimate was computed at the end of the
test to obtain the final 6. Items were adaptively se-
lected from information tables on the basis of maxi-
mum information. [An information table consists of
lists of items by 9 level. Within each list, all the items
in the pool (40 in this case) are arranged in descend-
ing order of the values of their information franc-
tions computed at that 0 level. The information tables
used in this study were computed for 37 0 levels
equally spaced along the (-2.25, +2.25) interval].

ASVAB scores. The Armed Forces Qualification
Test (AFQT), a composite score derived from ASVAB
subtests, was obtained from the records of most ex-
aminees. AFQT scores are used by all the military
services to determine eligibility for enlistment. These
scores were used to assess the equivalence of the
three groups.

Covariance Structure Analysis

’The equality of fis calculated from P&P and com-

puter-estimated item parameters was investigated
using covariance structure analysis based on the eight
variables defined in Table 2. The formal model can

be defined as follows. Let a random observation i

from Group 3 be denoted as Yi, where t denotes one
of four adaptive subtests (GS, AR, WK, or In the
adaptive test, item selection and scoring are assumed
to be based on item parameters that are representa-
tive of a population of item parameters, where the
population consists of parameters obtained from each
of a large number of CMOAs. [A large number of
hypothetical MOAS can be defined from various com-
binations of item display format (defined by the
choice of font, color, and display medium) and re-
sponse format (defined by the choice of format of
the answer sheet or automated input device).] The
random observation is assumed to be on a standard-
ized score scale with a mean of 0.0 and a variance of
1.00. The 1 >< 4 vector of observations, Y,.= {I;J, is
assumed to be from a multivariate normal random
variable with a 4 x 4 correlation matrix, 0. .
A standardized random observation based on the

use of item parameters from a specific CMOA is de-
noted ~. and is assumed to have a linear regres-
sion on Y,

The elm; are errors that are assumed to have a multi-
variate normal distribution and to be independent
of each other and of the Y,. They are interpreted as
errors in test scores due to nonsystematic departure
of item parameters from the population-representa-
tive item parameters used to obtain Yi. These errors
are a combination of various CMOA effects not de-
finable by a linear transformation of the score scale,
such as sampling variation of the parameter estimates
and variation due to the interaction of specific item
contents and the CMOA. Note that because the ~&dquo;t
and 1;&dquo;¡ are both standardized variables, the regres-
sion coefficient, pPn,, is the correlation between these
variables, and the error variance its 1 - p’. Also, note
that the equivalence of Plm across CMOA for each
test can be taken as an indicator of similar amounts
of nonsystematic calibration error across CMOA.

From these definitions of Wmi and Yi, it follows
that the observed score on test t in medium a~a can
be written as:

Downloaded from the Digital Conservancy at the University of Minnesota, http://purl.umn.edu/93227.  
May be reproduced with no cost by students and faculty for academic use.  Non-academic reproduction  

requires payment of royalties through the Copyright Clearance Center, http://www.copyright.com/ 



201

where (JIm and I-llm are the observed scale standard
deviation (SD) and location (mean) parameters, re-
spectively. If the CMOA has no linear effect on the
score scale for test t, then (JIm and I-llm are the same
for all m for all CMOA).

The covariance matrix 3,’ among the eight vari-
ables can be modeled in terms of several param-
eter matrices:

where A and R are 8 x 8 diagonal matrices with
elements

and

The A matrix contains the SDs of the observed vari-
ables and the R matrix contains the reliability pa-
rameters. These reliability parameters measure only
one source of error variance: the random error vari-

ance in test scores arising from sampling errors in
item parameters. These reliability parameters do
not measure error in the traditional sense, which
measures the error in test scores associated with

the sampling of items from an infinite pool of items.
The matrix J is 8 x 4 with

where 14 is a 4 x 4 identity matrix, and 1, denotes
an 8 x 8 identity matrix.

In Equation 3, is a 4 x 4 symmetric matrix
with diagonal elements equal to 1. The (D matrix
contains the disattenuated correlations among the

four tests. Note that in this context, the correlations
are corrected for calibration errors only. These cor-
relations are not corrected for attenuation due to
measurement errors.

From Equation 3, the disattenuated correlation
matrix among the eight variables is given by:

where the three nonredundant submatrices are con-

strained by the model to be equivalent: cc= Pc=
Opp(= ). From classical test theory, the product
represents the correlation matrix
among observed variables, with the eight reliabil-
ity parameters along the diagonal. Consequently,
the sum ~Ii2 ~ ~‘~’i2-~~~~ represents the corre-
lation matrix among observed variables, with Is in
the diagonal. Finally, by pre- and post-multiplying
the observed correlation matrix by A (the 8 x 8 di-
agonal matrix of SDs), the observed covariance
matrix £ is obtained.

In addition to estimating the model given by
Equation 3, an additional model was examined to
test the equivalence of the reliability parameters
across the CMOA. The constraints imposed by the
two models are summarized in Table 3. Model 1

imposed Constraint A, which equated the disatten-
uated correlations across the CMOA; Model 2 im-

posed both Constraints A and B, where B constrained
the reliability parameters (see Table 3). Consequently
in Model 2, the reliability values for each test were
constrained to be equivalent across the two calibra-
tion media. Model parameters were estimated by
normal theory maximum likelihood using the SAS
procedure CALIS (SAS Institute lr~c., 1990).

Table 3
Model Constraints: Model I Imposed Constraint A,

and Model 2 Constraints A and B

Models 1 and 2 represent a hierarchy of nested
models. Consequently, the X2 difference test can be
used to examine the statistical significance of each
set of constraints. Significance tests were performed
on each set of constraints listed in Table 3. For both

models, the likelihood ratio X2 statistic of overall fit
was calculated. To test the equivalence of disatten-
uated correlations across the C~&reg;~ (~c~=~PC= PP)9
the likelihood X value for Model 1 was used. To test
the equivalence of the reliability parameters, the dif-
ference between the X2 values of Models 1 and 2 was
evaluated. Under the null hypothesis, this difference
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was distributed as x2with 4 degrees of freedom (df ).
Results

Group Equivalence
Two cases in Group 3 had fewer than 10 valid

responses for WK and SI and consequently were elimi-
nated from all subsequent analyses for these two tests.
Thus, the sample sizes for Group 3 were 988 for GS
and AR and 986 for WK and si. An ANOVA indicated
a nonsignificant difference among the three group
means on AFQT. This result provided some assur-
ance that the three groups were randomly equiva-
lent with respect to ASVAB aptitudes.

Difficulty Parameter Comparison

A comparison of the IRT difficulty parameters
across the two media for Groups 1 and 2 provided
one assessment of the effects of using alternative
CMOA on the score scale. Ideally, the parameters from
the two media should fall along a diagonal (45°)

line. Systematic effects on the score scale would
cause the points to fall along a different line (if lin-
early related), or curve (if nonlinearly related).
Nonsystematic effects would influence the degree of
scatter about the line.

Figures la-ld display the plot of difficulty pa-
rameters estimated from the two CMOA, for each of

the four tests. As each plot indicates, the parameters
fell along the diagonal with a small degree of scat-
ter. This result is consistent with small or negligible
effects of the calibration media on the score scale.

Covariance Structure Analysis Results

The sample correlation matrix among the eight
for Group 3 is displayed in Table 4. Also dis-
played in Table 4 are the means and SDs of these
variables.

The estimated parameters of Model 1 are dis-

played in Tables 5 and 6. As indicated by the p col-
umns of Table 6, the reliability values for both Clvt~~

Figure I
Difficulty Parameter Estimates from the Two CMOA
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Table 4

Correlations, Means, and Standard Deviations (SDs) Among the Eight Scores for Group 3

were nearly 1.0. These results indicate that a very
small amount of random error among test scores
was attributable to estimation errors among item pa-
rameters. The estimated a values for each CMOA are

provided in the last two columns of Table 6.

Table 5
Estimated Disattenuated

Correlation Matrix i for Model 1

The results of overall fit for Models 1 and 2 are

displayed in Table 7. As indicated in Table 7, the
likelihood ratio ~‘ value for Model 1 was nonsig-
nificant, which provides support for the equivalence
of the disattenuated correlation matrices: CDCC = OPC
=o3pp. This result indicates that CMOA did not alter
the constructs measured by the four tests.

The test based on the differences between
Models 1 and 2 indicated no difference between
the reliability parameters across the two calibra-

Table 6
Estimated Reliabilities p and

Standard Deviations j for Model 1

tion media (X2 =19.267 - 14.066 = 5.2019 clf =1 ~ -
14 = 49 ~ _ .27). This result supports the contention
that the reliability of cATs is independent of the
medium used to calibrate the item parameters.

Table 7

X2 Values for Tests of Overall Fit of Models 1 and 2

Conclusions

The good fit of Model 1 to the data indicated

that, for the four tests, the disattenuated correla-
tions among the scores based on the computer-based
calibration, Occ, did not differ significantly from
the disattenuated correlations among the scores
based on the ~~~-bas~d calibration, ~PP; and nei-
ther of these sets of correlations differed significantly
from the disattenuated cross-correlations of scores
based on the two types of calibration, cDp,. This is
consistent with the lack of within-trait medium-of-
administration correlational effects found by Mead
& Drasgow (1993). It also extends the conclusions
drawn by Mead and Drasgow to the consistency of
disattenuated correlations between traits.

The results from the comparison of Models 1

and 2 indicated that, for the four tests, equal
amounts of nonsystematic error variance (1- p~)
were obtained with the use of the computer-based
and P&P-based item calibrations. This is generally
consistent with-and extends-the findings off Divgi
(1986) and Divgi & Stoloff(1986), in which the
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computer-based calibration, was based primarily on
data from adaptively administered items.

The secondary effect under investigation was the
influence of calibration medium on the score scale.
A comparison of the difficulty parameters across
the two media indicated very little or no distortion
in the scale. For all four tests, the difficulty param-
eters tended to fall along a diagonal (45°) line.
An important practical implication of the results

of this study is that item parameters calibrated from
a P&P administration of items can be used in power
CATs of cognitive constructs-such as those found
on the CAT -ASVAB-without changing the construct
being assessed and without incurring lower reli-
ability. Although the descriptive analyses of diffi-
culty parameters suggest little or no effect of
calibration medium on the score scale, Green et al.
(1984) noted that if scale effects do exist, they can
be corrected by equating to a reference form that
defines the score scale to be used for selection and
classification decisions. When this is done, distor-
tions in the mean, variance, and higher moment
of the observed scores have no effect on selection
and classification decisions.
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