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.ABSTRACT

Thirty~-three novices and 33 expert calculator usa2cs
took a test in which they predicted what number would be in the
calculator's display after a sequence of button presses (such as 2 +¢
3 ¢). Subjects' answers did not depend on.the brand of calculator
they actually owned. Simple production systems models were f£it €5 the
performance of each subject. Subjects differed greatly with respact .
to when they thought arn expression would be evaluated, the order in
wvhich a chain of calculations was evaluated, and uhether the display
would be incremented. (Author)
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Analysis of Students' Tmtuirions About the Uperation -oZ Ti=rtronic Zalculators
RICHARD E. MAEYER and PIRAYE BAYMAN, Endverssty of Caliifeeria, Santz Barbara

Objectives : .

During the past decads —tere has beem widespread amd mapid acceptance of
electronic r=®mmulators in @if society. Alrhough calculamrs are based on a tech-
nology thar &&F not reachm@fssmarlkets oat3t late in 1971 Q@iullish, .1976), elec—~
tronic calrmimtors are bec~mEng a comwon festure of our marion's classrooms.
Based on a serwey of artitime and editorials published within the past few years
4n Arithmetir Teacher and™athematics Teacher, as well as=c=policy sTatement by
the Natiom=l Council of “Pmmchers: of Mathemstries (1976), ir—is clear that calcu-
lators will p¥ay an impor=mt—roie in the educariom of Ame=—ican stufemts. For
example, in:a recent pap=~ Mmdmirk § Krefitk (1976) state= "Not simre the printing
Press has any invention Gt smccT potentis]l fr rew monizing educatrom, “par—
ticularly mathematics edwe@iioa.™

However, in spite of. timeseopainistic peedictions.amd emthusiasties endorse—
ments, the research commmity-tmes beep very slow in proiding informatiion that
might be useful in impending -calcriltesr—~curticulum revointiom. The Smmressive
dewelopuments in improvedshardusre hawe: not been matched Dy comparatime sevelop-
ments in what Shneiderman (1988) —mIis “software psychologyw." This is © say,
we know very little about howwmemiile =xxe to understand w=lcxlators, wit=— types
~of instruction will help peopi=-hmgess c=reative msers:;, sizy some veopss s
never use them well, ox how toaassfgs vperating spstems Saf make pesshmTmrical
sense. Since the calrmlator T=wsesests a studentt™s Tirst Sstrodectiw—23 3
computer, to a computer langmses= ani 00 cosputer lireracy Ty gemerai. =t is
important to understan® how lasras msse and saderstand gl orsSe

The objective of the presemr =nidy was To determine the knowkedge—thor
oxdinary.users (novices) and sogirisricaved] wsers (experts) have conce=wgthe
operation of hand held .calculztams. F» particilar the g€Rl was to descriie each
sabject's conception of-the cilzmizsgr™s operating systems, and then tomake com—
parisons between experts znd movices. :

Perspectives

In order to prowide a formal Zescription of each w==x’s knowledge, we bave
developed a productiom-system (Nesell & Simon, 1972) for each user. The com—
dition for each production isza key press such as pressSmg a ples—key (+) afver
pressing a digit key (e.g.; 3). Theaxtios for esch prmdWction is a change
xx no change) in the status of th=-fiisgilay aad/or the=imge=rnal Tegisters of the
calculator. There are altermativecactioes whieh may be associated with each
condition; for example, if the stwdemt #whaves @s if = plus acts like an egmals
then the answer to 3 + 2 + is 5, but 3f tie st»@ext behaves as if a plus does not
act like an equals then the answer to 3 + 2 % 2= 2., In the former case, the
display is set to the evaluated value of tiee expression in the register (D = eval
(R)) but in the latter there is no chomge im thee dispEay for pressing + after
2 (D =D). The present study focused en B f#fFferent—conditions: number after
+, + after number, + after +, + after =, ==fter number, = after +, number after
X, x after number, = after x, x after =, x=—=%exr x, xafter +, +after x. For
each condition, alternative actions were c==simged, so-that eaclr—subject's know-
ledge could be represented as a list of 12 paxmfmctions.

Data Source

Thirty-three novice users were recruiwed fmem the Psychology Subject Pool at
the University of California, Santa Berbarz. Mmese smbjects had no experience
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with compmters or computer programming, and were selected out of a larger sample
of 46 momitemes because they gave consistent performance in the experiment. Thirty-
three -expwrts were recruited from Computer Science majors at the University of
Califormia, Santa Barbara. These subjects were taking an intermediate level
programmimg course that included analyses of operating systems, and were selected
oat of = Earger sample of 35 experts tecause they gave consistent performances in

The exper=ment.

Method .
A sample of 33 novice users and a sample of 33 expert users were given a four

page typesritten questionnaire. The questionnaire contained 88 items such as:
2+3,2+34,2+=,2+3+=,2+3x,2++,2+=+,2+=+3,
2+=+4+=+4+=,2x+3=,2x=x=x=. For each item the subject was asked to
write down the number that would be in the calculator's display after the last
key was pressed (assuming the calculator was cleared at the start of the problem).
The introduction made clear that the user should assume that the calculator is a
typical =imple one (not a HP calculator that uses reverse Polish notation).

Results and Conclusion

The data for each subject consisted of 88 numbers, i.e., the answers given.

(1) Reliahility. The questionnaire consisted of two 44-item forms of the
same calculator operations (such as 2 + 3 + = on one form corresponding to
? + 3+ = on the other). The number of times a subject failed to give corres-
ponding amswers cn the 44 pairs of problems was tallied (e.g., corresponding
answers for the atave two problems could be 3 and 3 respectively, or 5 and 10
respectively, or 10 and 20 respectively, etc.). The experts were far more con-
sistemt than the novices. However, the samples used for further analysis consist
only xaf subjects who are highly consistent in their performance (n = 33 for
each zroup).

€2) Comparison with user's calculator. Most of the subjects in our sample
owned calculators so the answers given by each of the major models on our test
was compared to the performance of each subject. For both experts and novices,
Texas Instruments (TI) models produced answers which corresponded to more of our
subjects' answers than any other models. This was true for subjects who owned
TI caleulators and equally true for subiects who owned other models or who owned
none. It was also equally true for subjects who used their calculators often
as compared to those who used them infrequently. Thus, the present results sugzest
that the operating system in simple TI models best fits the intuitions of human
users. However, the answers given by th. TI models failed to match the answers
given by human subjects on an average of 20% of the problems for experts and
19.5% for novices. Thus, it is not sufficient to conclude that people "think
like TI's operating system." ‘

(3) Fitting a production system to the performacce of each subjects. In
order to provide formal descriptions of each user's conception of the operating
system of a calculator, individual production systems were fit to the performance
of each user. First, only the data for problems involving 6 conditions (with
number, plus, and equals) was analyzed. Then, three more productions were added
to each subject based on performance on prchblems with multiply and equals. Fin-
ally, 4 more productions were added based on the problems with conditions in-
volving unusual sequences of plus and multiply.

As an example of how the analysis was conducted, the following table gives
the typical patterns of performance on problems involving only 6 simple con-
ditions (problems involve only mrmber, -plus, and/or équals).
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Question Group 1 = Gromp 2 Groﬁp 3 Group 4 Group 5
Answers Answers Answers Answers Answers
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Gromp 1 corresponds to the answers given by TI models; expressions are evaluated
when an = or a + key is pressed. Group 2 is identical except that expressions are
evaluated only when an = key is pressed. Group 3 is identical except that ex-
pressions are evaluated when a mumber, a + or an = is pressed. Group 4 corresponds
more closely to a Rockwell calcmlator and increments the display in cases where

= follows +, or when + follows +. Group 5 is like Group 4 except that the display
is incremented only when two pluses occur. There were 8 subjects in Group 1,

10 in Group 2, 5 in Group 3, 2 in Group 4, 1 in Group 5, and 7 miscellaneous
patterns for movices; corresponding numbers for experts were 11, 7, 2, 4, 3, and

S respectively. For example, for Group 1, + after number results in evaluating
and dispiaying the expression but not in Group 2; or + after + results in in-
crementing the display for Groups 4 and 5 but iot for the other groups. More de—
tailed analysis will be presented in the full paper; major differences involve
when an expression is evaluated, the order in which a chain of calculations was
evaluatcd, and whether the display would be incremented for + being pressed

after +, x after x, = after +, and = after x.

Educational and Scientific Significance

The present study is an attempt to apply the formal amnalysis tools of cog-
nitive psychology to the real-world problems of classroom education. This work -
provides new information concerming how people understand and tnink about
electronic calculators, -and thus=contributes to a growing theory of computer
literacy. In additiom, this work has implications for instruction since =t is
clear that self-taught users cfffer greatly in their intuitions (and hences
in their effectiveness as users); this work also has practical implicatioms
. for design ‘of operating systems that are consistent with human intuitions-—

- -Finally,-it -is hoped that this work will serve as a stimulus for future research
in helping students to get the most out of an exciting new technology. Simce cal-
culators are - student's first introduction to computers, it is important that i
.students see that the operztion of the calculator can be understood.
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