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'A model for computer-assisted branched testing was AN
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developed, implemented, and evaluated in the context of an elementary
school using the system of Individually Prescribed Insgtruction. A

computer was used to denerate and present items and thgﬂk§c0relthe_
student's constructed response. Using ngd's sequential probability

ratio test, the computer determined whether the examinee 'was OL was
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not proricient in the skill being tested. If such a decision could be
made, he was tranched to another objective according to specified '
criteria based upon the hierarchy. Otherwise, another item was
genéféted and the cycle repeated. Results showed that the computer.
test was highly successful in providing reliable information in.
substantially less time than that which was required by the '
‘conventional paper and pencil test. (Ruthor/SP)
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COMPUTER-ASSISTED'CRITERION-REFERENCED MEASUREMENT

e

Richsrd L. Ferguson2
Learning Research and Developnent Center
' -University of Pittsburgh '

'Accommodating instruction»to the'specific needs of individuels is.pars-

“mount emong the goals of recentrinnovstions in educatlon | Chenges in testing

procedures should be a natural outgrowth of attempts to ind1v1dualize 1nstruc-

tion. Accordinglv, computer-essisted brenched testing reflects one possible

' d1rection which such new developments in testing might take.

The purpose of this study vas to develop a model for computer-essisted

| branched testing, meesurement in which items are selected on the basis of pre--

vious responses end are thus tailored to the competenc1es of the exeminee.
The .model was developed, implemented and evaluated-in the context of“an

eprrimentel 'school in Individusllv Prescribed Instruction (IPI) IPI is a

-Jolnt project of the University of P1ttsburgh s Learning Resesrch and Develop-

ment Center and the Baldwin-Whitehall School District The major festure of

-the project is that prescriptions for 1nstruction are edapted to the individual

»differences among children.

In1t1al studies concerned w1th branched testing heve resulted in a ceutious
optimism regarding 1ts potential for measurement purposes. Numerous studies

(Bayroff and Seeley, 1967,. Waters, 196h- Hanson and Schvarz, 1968) have;'

| reported some. initial success with brenched tests while others (Cleerv et al

1968, Angloff and Huddleston, 1958) have posed questions as to the merit of

0'»
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using such dev1ces for measurement purposes s1nce‘in many cases short conven-\\

tional tests could achieve the same end with less complex testing procedures.
Lord (l968) has observed that the use of pranched testing as norm—refer-

’encedrmeasurement is not warranted under circumstances where item d1ff1culty

is not very heterogeneous.. In contrast Glaser (l967) has suggested that some
: B 5
_form of,sequential testing'could prove fruitful in a program where tests are
" used to make instructional decisions;about.individuals; that is, where measure-
ment'is'criterion-referenced. |
THE TEST MODEL

" The branched-test was designed for the mathematics curriculum in IPI but
is applicable to any curriculumforvwhich an established learning h1erarchy
of prerequ1s1te relationships among objectives exists. The specific unit to
‘which the model was applied cons1sted of eighteen objectives in addition and
subtraction typically encountered by third and fourth grade students. A hieré
archy for the objectives had been hypothes1zed after extens1ve study Valida—
tion of the hierarchy’was accomplished concurrent W1th the study.

| Figure 1 1llustrates graphically the . prerequ1s1te relationships among
objectives. The structure reveals that objectives 6 17, and 18 are terminal
that 1s,.are prerequ1s1te to no other objectivesiin the unit Two»major se=
quences, sets of objectives whose elements are linked together in prerequisite
dependencies, emerged as dominant in the structure;, The sequence cons1sting of
objectives l W, 7, 10, 12, l3 1k, 16, and 17 1ncludes str1ctly addition skills
jwhereas the sequence containing objectives 21 5., 8 ll 15, and 18 is echusively
subtraction. Skill 6 and sequences containing it integrate the two operations
of addition and subtraction. ’ - : I . .///'

A test mpdel was developed which relied heav1ly upon the capabilities of

' a computer for accurate and efficient administration. The model required that

1
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from it and previous responées to decide if the examinee had proficiency in the

. of objectives to be tested.

O
H

. FIGURE 1

Hierarchy for Computer-Assisted Branched
Testing on a Unit with 18 Objectives

the computer be progrémméd to control the preéentation of test items for each‘
ihdividﬁal. This control ﬁas exercised at two levels of decision making. At
the first level, when testing a specific ijective, if was necessdry to deter-
mine after each response whéther or not sufficient informafion was available

[

skill. At the second level, a decision was made which governed the'ordéring

Decision Making About Proficiéngy of Objectives.--It was both inefficient .
and impnacticdl’to test over the entire population of items for a specified

objective since in the unit used for the study the population of items for the
\ o

- objectives varied in number from fifty-five to several million. Therefore, a

measure of gn_éxaminee's proficiency in a specified objective was obtained by

an’item-sampling process which’provided items for him until some decision was




reached regarding his status on the objective.

A cbncern for building sttfigtiéul.confidence into the decision procehs
which-élassified'an examiﬁeg as eitﬁer proficient or not proficienﬁf}n an
objective resulted in a Bernoulli—type expefiment thé results of J%iéh follow
& binomial distribution. The assumptions of the experiment were thus three
ih.number. The ﬁoséible"number of outcomes for each trial were_aséumed to be-
two; the prqﬁ%%ility of each outcome was assumed.constantoﬁer trials;vahd the
out come of»any’trial was assumed independent of the outcome 6f all other trials.

The model intééting aSsumed*that aﬁ'any givenvmoment in‘time,ﬂa}singie
nﬁmerical va}uerrepresented the proficiency of an examinee with regpgcp_to theu
specified}objective. His relatiVe}true scoré'OQ-the pOpulqtion}of items was
an ggﬁiﬁgtewéf thi; pfdfiéienéy. Thus , profiéienby was construed to be a

' paramgter which was the prbbabilitj of a-correct response to any random item

.

from the pOpulation.
Since the number\of items requiredvto‘défermipe an examinee's‘proficiency‘_
in a particular objective varied from:studeht to student and.in the'intercst
of testing a representative sample of the population of items for =n objecfive,‘
itéms were»cbnstrgcted by cdmpﬁfér aé they were needed'using itéﬁ-generation_' e
- rules.' Initiall#, an examinee was presented with an item which was randomly
générated from the‘population of'item:mfbr the objectiVé being testéd.ﬂ‘After
- the examineefrespohdéd to the item, fhe cpmﬁutef;scored the.résponsé ;s eifher‘
being correct of inéorrect. At this‘point a decision was made which exércised
one of the.following options. The e%gminee~had mastéred the objective, had
not masteredithe objective, or had not responded to a.sufficiently large‘sample
6f ifems tQ maké aldééision regarding mastery or nonnmdSter of the objective.
' If;a'decision as_to mastery or*non-maétery was not made, aﬁdther'item was geﬁ;

erated and the process was repeated. Items were generated and scored untilAthé

process was halted according to some predetermined criteria for the maximum
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number of items to be tested for a single objective.

] v o

Obviously; any,sampiing plan which did not exhaust the populﬁtion'of items
may have led to an incorreét decision about.thé mastery‘bf an objective. Sihce
exhausti&é tESting*waé impoSsible; it was nééesSary to lifé with'the fisk;of
'makinéwroﬁg'@eciéions;' Tb défine a sampliﬁé‘plan‘iﬁ'ﬁd;necésséryto:sﬁeeify
the ma#imﬁm risks of incorrect decisioﬁs;wyich wére tolerable.

The twé risks involvéd in making a décision regardihg an individual's
'profic*enéy'on“ah objective were the risk of requirihg a%Préscription and wdrk.
on a skill when it was not pecessaﬁyf(Type.I) and'fhe,risk of certifying mas-
ﬁéry Qf aniobjective'wheniﬁ fact a prescriptioﬁ and work wére.necessary (Type II)."
Errors Qere perceived to be of éqnseQuence in the instruction pfocess and in
the branéhing légié'for’the,test which itself has implications-frr instrﬁction.

A Type I error'éeemed to be Qf lesser conseqﬁ;nce thAn a-Type ITI error -

N

from the point of view.of instruction and testing.” The most'serious error

L ) b\

] - \

which could have resulted as a consequence of branched testing‘was}seen:to be. |
- one which led to}claiming masteryfor skilis which were in fact not masteréd.
Such-én erfor'might ha&e led to a;¢hild having difficult& pfoceeding through a
unit and‘ﬁiaht eventpallyhavé'resulted in an impasse in instfuctionr 'From
the poinﬁvof view of the logic df‘branching, an érror 6fvape II cdﬁﬁounded
this diffiéulty Sinée itvfésulted in iﬁdicating_mastery for objectives which
_were not and would hot bé tested} A Type I erroy would bave gt worst required
that the Student'pursue a review like study of‘ékillé in which he was already
proficient. |
Sincé it was necessary_tb function knowing that a Type I or ije'II error

douid océur within thé item Sampling model, if was‘desirgb e to.éoﬁtrol the
.risks which were taken. A sampling'plah.which satisfied the éonditions thus

far speéifiéd was given by the sequential probability ratio test (Wald, 1947) -




_ of strength (x,B) for testing the hypotheses:

1) H_: P =dp
In the model, 'p"“;a.sstf‘f»fu“.kn°m? proportion of items which vould have
0 d been‘answered‘incorrectly if testing hadbbeen over,the entire popuiation'of

'fitems for the objective. The risks which were taken were specified in the

following manner..-The probability of declaring,a.lack.of mastery.for the.ob-.
? Jective shodld not exceed some small predetermihed welue o whenever p < P

” | and the probability of declaring mastery'of the obJective should not exceed
some small valug B w%fnever P 2> pl If 'p' was situated between Po and pl no
dec1slon was made and thus no error occurred. It becomes clear that control

5 of the dec1s10n process was a function of four numbers, p . pl, Oy and 8, all

of which were parameters whlch could be varled by +he test constructor. The

ch01ce of these values was based on con81derat10ns relative to the testlng and

1nstruc%§onal phases,of IPI and varied for different obJjectives.

é IR .Values.for pd(ahd Py for this'stddy were'selected after consuitation with

| curriculum experts who were familiar with the unit. Alpha and beta vere set

% - | at .20 and .1O,Yrespectively.' P, and py were set according_to the particular

obféctive. For the maJorl ty of the obJectlves, p, wWas set at .15 and p, at Lo,

In actual operatioh one couldvsay thai +he probability of declarlng nonél

5 mastery for most‘of the objectives did not exceed .20 whenever p < 15 and'the

'probablllty of declarlng mastery of the obJectlve did not exceed .10 whenever

P> .hO. The test for decldlng masterv or non—mastery of. an objective was de-

scribed as follows

-

Let xivrepresent the'evaluétion‘of the response to the 122 item where xi'e U

0 if the i item was answered correctly

- .th | , , -
- ( 1 if the 1= item was answered incorrectly
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'Since 'p' was the propbrtion of items Qnswered‘incorrectly in the population of
. | o ; o ., .
items, thé“probability of getting a sample equal to (xl, X5y o o » ,_xm) vas

w .

pm (1 - p)*

m where wy was the number of items in the sample of size 'm' answered
incorrectly and ry = m - wn.

y |

! Under H : p = p_, the probability became p ™ (1 - p )M and under H.: P = Dy,
. o) N (o] v 2 (o] o, 0 1 1l

~ the probability became me (1 - pl)rm. The sequential probability ratio test

was then applied and an acceptance number (am) and rejection number (u ) which

were dependeht upon the values of a, £, Pyr Pys and m weré computed. Testing

continued if a, < LA If w, z,um, non-mastery was indiéated and if wm>£ &y

b

mastery was indicated.

1

DécisionAMaking Related to Branching.-—Once % decis?on was reached about
'aniindividual‘s proficiency on a particular cbjective, he‘was brAhched for test-
/' ing on dnother gbjective; -Inspection'of,the unit hierarchy revealed fhe.existence'
2 : of the seven~sequénces of bbjécti&es foﬁﬁg in Table 1. Each séquencé was com-
prised of a set of objectives whiqh were ordered such that starting from the

left, exuch objeétive was the prerequisite of all objectives to its right.

a TABLE 1

- ¥

List of Sequences Based on the Hierarchy
for the 18 Objective Unit

S

Sequence . , | _ :Objecti?es Comprising the Sequence
1 1, 4, 7, 10, 12, 13, 1k, 16, 17 |
D 1; 9, 13, 1k, 16, 17 u | o
3 1, 6 |
» Ll 2, 6
5 3, 6
6 2, 5, 8, 11, 15, 18
T 3, 11, 15, 18




A plan for branching was devised using the rationale than an examinee who
had evidenced proficiency in an objective with almost no incorrect solutions
should be branched to a more difficult objective than an examinee who had mas-
tered the objective with several incorrect solutions. Likewise, it was believed
that the examinee who did not have mastery of an objective and who answered
nearly all of the items incorrectly snould be branched to an easier objective
than the examinee who nad no mastery but responded correctly to a larger pro-
portion of the items presented. Thus, the following branching plan was devised.

During the testing process, PRi,j’ the percentage of items answered cor-
rectly by individual 'i' on objective 'J' was determined by the computer. If
the objective was mastered and PRi,' > (1 - .SPO) he was branched to the most
difficult untested objective in the sequence whereas 1if PRi,J < (1 - .5po) he
was branched to an objective not yet tested in a move best described as a bi-
nary brancn. In short, he was branched to a more difficult objective midway
between those not already tested.

Tn the event that the examinee failed to master the objective, a similar
procedure was used to branch him to a less difficult objective in the sequence.
In this case, if PR, , < .5(1 = po) he was branched to the least difficult un-

1,J

tested objective of the sequence. Whenever PRi,J > .5(1 - po) he was branched
to a less difficult objective midway between those not already tested.

Testing for all examinees began with objective twelve of sequence one.
The branch and test cycle continued until a judgment was made about each objec-

tive of the sequence, whereupon another branch resulted in testing of a sequence

for which decisions about each objective had not been made.

PROCEDURES

The branched test was administered to & sample of seventy-five students

in grades one through six at the Oakleaf Elementary School. On two separate
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océasions each student was given the computer test using a teletypewriter. 1In

most cases the tests were taken by each student on consecutive days. In no

instance did an examinee have instruction on the unit between tests. Since
items were constructed using a random number generator, each test was unique
but‘parallel to all others.

Since there was likely to be a marked variation in the branching routes
and test characteristics for individuals at the extremes of the proficiency
continuum; two groups, each with ten students, were included in the test sample.
They will be referred to ds the low and high'proficiency groups. An additional
fifty-five students formed the middle proficiency group. The latter group was
comprised of children with a wide range of proficiencies. Students were aséigned
- priori to the groups by the IPI coordinator at Oakleaf School. An effort was
risde to include students of varying experience wiia the unit within the middle
vproficiency group. Of the seventy-five students tested, twenty-eight had not

yet entered the unit, eleven were working in the unit; and thirty-six had com-

pleted the unit at an earlier date.

Since the tests were presented by teletypewriter, a complete'record of
each test was preserved. As the examinee worked at the teletypewriter, a record
of each objective tested was maintained. After completing the branched test he
was required to take a paper and pencil test on all of those objectives not in-
cluded on the branched test. Thus, a measure of his proficiency inAevery objec-~

tive in the unit was recorded.
RESULTS AND DISCUSSION

£ndividual test profiles resulting from the study were used to ascertain
the validity of the unit's structure. Examination of these profiles revealed
& minimum number of inconsistencies in the profiles. An inconsistency was de-
fined as an objective being unmastered while an objective to which it was pre- ?

requisite was mastered. Of the possible number of inconsistencies, ninety-nine
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rules. From another point of view, the test could be considered v\alid only if
it reflected an accurate measure of the examinee's proficiencies. Since in-
ferences were made about objeétives which were not tested, a second validity
concern was with the accuracy witﬁ which the branched test predicted an exam-
inee's performancelén objectives for which testing did not occur.

To obtain a measure of the extent to which the branched test had predictive-
validity in the sense described above, an index was defined which revealed the
average proportion of objectives correctly inferred as mastered or unmastered
by the branched test. ©Such an index was possible since all objectives not
tested at the computer were tested by paper and pencil. An index of predic-

tive validity was determined by calculating the proportion of correct inferences

for each examinee's profile and then‘compufing the mean of the proportions for
the enﬁire sample. Such an index was determined for both the first and sécohd
administrations of the test. The index for both testings was .99.

Assﬁmihg that the test and structure were valid, the quéstion of reliabilicy
for the branched test was approached 5y‘examining the‘extent to which identical
placement profiles for the unit were obtained from'two administrations of the
test. A necessary assumption was that ho instrgction involving the unit occ;rred
bgtween tests. One approach to the problem was to assign a score to each of the
seven sequences on the basis of the computer test profiles. If, for example,
the examinee had mastery of objectives 1, 4, 7, and 9 of sequence one énd no
masterylfor the remaining objectives in the sequence, he was assigned a‘scone

of four for sequence one. Once this was repeated for all seven sequences on each

of the tests, the scores on the'first test of each sequence were correlated with

~
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thé scores of the correspbnding sequence obtained from the second testing f&r

eéch,individual. For bbth the low and high proficiency groups, the correlétion
coefficients were 1.00 for ali seven sequences. In each case, the coefficients
.wefe,determined with an N of ten. The coefficients for the middle proficiency

group, N = 55, are reported in Table 2.

TABLE 2

Correlation Coefficients Between Repeated Measures of the
Seven Sequence Hierarchy for the Middle Proficiency Group

o\ Sequence r12

.95
.90
.83
.81
.91
.96
.96

25

~N O i & W O

To obtain‘a relative measure of the‘conSistency of the entire test from
one testing to another, a reliability index yés defined and determiﬁed in muéh
the same manner as the validity‘indices deécribed in the precédingdiscussion.
The profiles which were compéred for inconsistencies\in this_cése were those -
obtained from the computer test. The number of erré;é\gﬁsefved by comparing
~ the first computer test‘profile with the:secbnd were cou;ted'and the proportion
of the’numbér of inconsisﬁenﬁie5~found to the number which were poSéiblg was de;
termined. This done for‘all siyénty—five examinees, a reliabiiity index_ﬁas
defined as the mean of thé'propqrtions.} The index for the eﬁtire sample was .96.
'A reliability index of .96 reflects that of thé ipcohsistehcies_which couldvha#e_
occurfed from test I to test II for ali examinees, 96% did not ocCur;}

. . L ) =
Some of the most interesting results of the study became apparent when

the branched test was compdred with the conventionalppaperxand pencil test
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currently used in the instructional program. The mean time required to complete

a conventional test on the objectives in the unit was approximately seventy-five
minutes. Table 3 provides the mean rate in minutes for the three proficiency
groups for the first and second test administrations. The table reveals that

the middle group, which is most nearly'representative of the group who take the

conventional test, required less than one-half as much time tovcomplete'the

branched test as to complete the conventional test.

TABLE 3

'MeankRate in Minutes for Groups .of Varying
Proficiency to Complete the Branched Test

_Progizizncy - | Test N | g::zv | variance
FEE
f | - Middle | Ii 55 gﬁ:g; | gg:gg'
.High‘ . Ii ’_ _10"'" g:g | "’11(;:'&732 R
e | 4 v BY mB

Tovaccount for the extremevdifferences in'rates‘one needvonly observe
- that the mean number of objectives tested on the branched test was substantially
less'than on the conventional test. On the conventional test every examinee was
~ presented a‘fixed’number of items on‘all'of the eighteen'objectives. For the

three profic1ency groups pooled, the mean number of objectives tested u51ng

the branching model were T.l1ll and 6. 99 on test I and test II, respectively.
In the case'of'the'low proficiency group, every child was tested on pre-

cisely seven objectives, the minimum number of objectives p0351ble for an

examinee hav1ng mastery of none of the eighteen objectives in the unit.' For

. 3
]

\
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this greup, the routing sequence which every examinee fo;lowed on .both tests
vas 12-b-1-10-3-5-2.

For the high prof1c1ency‘group, each of the ten examlnees had profiles
wh1ch indicated mastery for all elghteen object1Ves on both tests. Each exam-
inee required testing onhflve objectlves. This was the minimum number of ob;
Jectives on which testing was pqssible. The routing for these individuals was
‘the set 12-17-11-18-6.- |

For the group with'middle'proficiency, a mean of'7.h objectives were tested.

Since this group was'most'like the tsrget p0pulation for whiCh the test was de-
"signed, it,is_anticipated'that.branched testing could eliminate testing on an
average of about 10.6 of the eighteen objectives.

|

The branching design;within the test was constructed so that the lower and

upper bound ‘for the number of objectives which could be tested were‘five and
ten, respectively. Thus, the examinee whese prfile was most difficult to com-

‘ plete was. tested on ten objectlves or only SSﬁ of the objectlves on which he

i

o would be tested in the tradltlonal testlng program., The 1nd1V1dual who had \
mastery of the unit with testlng on just flve objectives was tested on only 28%
of theégbjectives_required'by’the conventiqnal tests.l The-range of the number
of objectives tested for eiaminees in-the study was'froh‘fiveftb ten:

A funetion.of the item—sampling procedure‘and the feduction in.the nuﬁber'
of objectivesvtested the mean humber of items which reqpired:testing en the

branched test was substantlally less than the 150 items requlred on the ‘fixed

- length conventional test. For all.groups comblned; an average_of 52.12-1tems :

was required per'branéhed'test. As noted before, fewer items were requifed to

declare non-mastery than to declare'mastery of an_ objective. . An examinee in
“the low proficiency_greup who was unable totrespond-correctlyrto a single item
on his branched test would have been presented fourteen items since it required

two consecutive incorrect responses per objective to certify non-mastery. The

s

v




fewest number of items which could be presented to an examinee who had pro-

, f1c1ency of all eighteen objectives was thirty-three.

The routing plan used in this study was but one of many which could have

- been implemented. Two other branching-techniques were simulated using the
placement profiles which resulted from.the computer—assisted'branched test.

The purpose of the s1mulation was to‘determine 1f either routing method would

reduce the number of objectives to be tested while stlll arr1v1ng at the same

unit profile. The branching,rule for the first technique was to branch up one

_ obJective in the sequence if the objective.currently being tested was mastered

and down two objectives in the sequence ifqit,was not. The‘second technique

reversed the magnltude of the steps taken with the f1rst techn1que.

The results of the s1mulation show that the method used for routing 1n the

study was markedly superior to e1ther of the methods to which 1t was compared
ln 150 trials, the f1rst method requ1red testing for fewer objectives‘only
-eleven times, the same number of objectives forty-seven times, and more objec-
t1ves 1n n1nety-two cases. The second method was better than the first simu-
lated procedure but was still not as good as the one used in the study It
required fewer objectives th1rty-s1x t1mes;-the same number of.objectives twenty-
four t1mes, and more objectives n1nety times.vi

| The routing approach used in the study was to test every examinee on
objectives which were found 1n the m1ddle of the major sequences of the struc-‘
ture. Thus, every Chlld was tested  on objectives ‘eleven and twelve; Branching
after the 1nit1al objectives in each sequence had been tested depended upon the
: level of prof1c1ency at which-a. dec1s1on on the objective currently being tested

had been made. In the course of testing,_fifty different branching routes were

followed. The latter clearly established the flexibility of this branching pro-

| cess in.adapting to individual differences.
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The branched tesﬁ implemented in this study pefformed its function‘well.
'+ Perhaps the mést‘dramatip of all conclusions reached was with regard to the
impact an extensive testing program sﬁch_as this.coﬁld have on instruction in
IPI ma@hématics. During the coﬁrse of a school year, iarge numbérs of hqurs
now spent in.testing could be invested in instructional activities or in supp-
lementary diagnostic testing. |
. The typical expréssion of regervation regarding branched tes£ing has been
with regérd tglits;characteristic inability tb‘improve upon‘coﬁventional test
méqsufement'for the examinee of average ability. The results of thié study
Strongly suggest-thaﬁ the branched test was extremely effective in tailoring
4mgasgregent to the grbup ﬁith‘middle proficiency. To’a lérge extent, this can
be attributed to the specific unit of work which was'tested. ‘Forfunits with |,
‘fewer objeétijes and with smallér séquénces, the affect of branchéd testing

for the majority of examinees may be less pronounced.

Nevertheless, this study has shown that criterion-referenced branched
testing can beﬂused effectively for'ail students in an individualized instruc-
tion setting. Further, the méasures yielded by sﬁch’a pfocedufe can be at
least as vaiid and feliabie as those ggr a conventional test wit£ the additional

bonus that they are obtained in less time with testing of fewer items &and ob-

e,

‘Jectivesu: -
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