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How First and Second Grade Children
Add Whole Numbers with Calculators

Abstract

Ninety-six children in five first and second grades used calculators in their math
lessons for at least a year, and were given a test consisting of six rather complex
whole number addition problems. They had calculators available as they
worked the problems, and they wrote their answers rather than selecting
answers on a multiple choice test. Children in first and in second grade with
experienced teachers performed equally well. For 151 of the 170 incorrect
answers (out of 576), a fairly straightforward analysis explained the causes of
errors. Of the 151 explainable errors, only 22 were conceptual, meaning that the
child showed a lack of understanding of addition. The analysis of errors that
children make when they use calculators has the potential to give a considerable
amount of information about their understanding of arithmetic, and could lead
to individual diagnostics and plans for remediation.



How First and Second Grade Children Add Whole Numbers with Calculators

There has been an interest recently in the United States, as well as in
England, Australia, and other countries, in using calculators in elementary
mathematics. This has come about in the United States in large measure because

of a suggestion in the 1989 Curriculum and Evaluation Standards of the National
Council of Mathematics that "....appropriate calculators should be available to all
students at all times," together with the publication of the NCTM 1992 Yearbook,
titled Calculators in Mathematics Education (Fey & Hirsch, 1992), which
examined the potential for calculators to transform the teaching and learning of

school mathematics. When four-operation calculators are available in schools,
an important question arises: how are children at different ages and grade levels
able to use them? Baggett & Ehrenfeucht (1992) found that second graders do
not need to be drilled in calculator use, but can learn to use calculators
competently in the context of meaningful problem solving. Children in the study
had used calculators for almost a year, as a part of their math instruction for
project-like, non-drill activities, and errors they made in decimal addition
problems with more than two addends were for the most part slips in correct
procedures, rather than mistakes that were conceptual in nature.

In this paper we examine answers children in first and second grade, who
had used four-operation calculators (Texas Instruments TI-108s) in their math
lessons for at least a year, gave to six whole number addition problems. The
children had calculators available as they worked the problems, and they wrote
their answers on sheets of paper (the problems did not have multiple choice
answers). We focus on two questions: (1) How do first and second graders
compare in their performance on the problems? (2) When a child has written an
incorrect answer, can we determine what process the child went through to make
the error? In particular, can we tell if the child's answer shows a lack of
understanding of the process of addition, or whether the child seems to
understand the process but has made an error in pressing a button on the
calculator or in copying the answer from the calculator display to the paper? Are
errors indicating a lack of understanding more frequent among first graders than
among second graders?



Some reading researchers in the developmental literature suggest that
there are differences among children of ages five, six, and seven. For example,
Clay (1991, p. 204) presents an idealized graph showing that scores on measures
of reading attainment improve as a child's age increases from 5 to 7. She also
gives graphical data (pp. 214-215) on children from ages 5 to 7, indicating an
increase in the level of the reading book a child attempts, as the child's age
increases. Chall (1983) presents a proposal for stages in reading development,
with stage 1 (initial reading, or decoding) placed in grades 1 and 2, ages 6 and 7;
and stage 2 (confirmation, fluency, ungluing from print) placed in grades 2 and 3,
ages 7 and 8. Piaget (1952) found differences in the kinds of errors children of
different ages made while performing logical and mathematical tasks, and his
theory of stages of cognitive development suggests that children of different ages
are at different levels of readiness for learning particular concepts or principles.
However, Stallard (1982; cited in Hughes, 1986) found no relation at all between
how adequately 6 to 10 year old children demonstrated what symbols such as '6'
or equations such as '3 + 1 = 4' mean, and how old the children were. Whether
there are differences in performance between first and second graders using
calculators has not been investigated in the literature.

Students are now allowed to use calculators on parts or all of some
national and state standardized tests, such as the SAT (Scholastic Assessment
Test) and the MEAP (Michigan Assessment of Educational Progress). We will
also consider implications of our rather straightforward analysis of children's
errors for the current practice of requiring children to mark one of four boxes on
standardized multiple choice mathematics tests, rather than having them write
their answers.

Method

Ninety-six children from five classes, three first grades and two second
grades, in an elementary school in a rural south-central Michigan town
participated in the study. The classes will be designated by 1a, 1b, 1¢, 2a, and 2b
('1" indicating first grade and 2' indicating second grade). There was no tracking
in the classes; children of all abilities were present in each class. These five
classes were the entire population of first and second graders in the school. Four
of the teachers were experienced, having taught at the elementary level at least 15



years. It was the first year of teaching for one of the first grade teachers (who
taught class 1a).

Each classroom had a set of four-function calculators, one calculator per
child, supplied by the school district (all were Texas Instruments 108 calculators).
Calculators were used for mathematics instruction in each classroom once or
more per week throughout the year. The calculator lessons were mostly led by
the teachers, although at least one demonstration lesson using calculators was
given in each class by one of the authors of this paper. Teachers had a total of at
least 12 hours of workshops in calculator use and were meeting biweekly with
one of the authors to discuss both calculator activities they were trying in their
classrooms and new lesson plans incorporating calculators provided to them by
the authors of this paper.

In all five classrooms calculators were being used on a pilot basis. So,
while they were used at least once a week, most of the children's math lessons
did not involve calculators. Teachers used the Silver-Burdett first and second
grade math books for most of their lessons (Orfan, Vogeli, Krulik, & Rudnick,
1987).

In the calculator lessons, children were involved in solving meaningful
problems; there was no drill and practice. So there were no calculator problems
such as, "Add these five numbers: ...," and no calculator worksheets.

Near the end of the spring semester, the teachers were asked to give their
children a test of addition of whole numbers. The test is shown in Figure 1. The
purpose of the exercise was not to test their understanding of multidigit
numbers, but to test their skill in adding a list of numbers using a calculator,
independent of their meaning. Each child had a calculator during the tests, and
children were instructed to work alone and to record their answers on their
sheets. Teachers were asked not to provide help to the children. The test was
given to 21 children in class 1a, 21 in 1b, 17 in 1c, 18 in 2a, and 19 in 2b.



Figure 1. Addition test given to children.
Notice that the sizes of some addends are larger
than those given in typical first and second grade problems.

Name:
5 12 2310
8 13 9 906
3 35 40 4
4 86 77 5780

1, 23, 46, 3, 5, sum =

975310, 2481056, 120009, sum =




Results and Discussion

The answer for each problem given by each child was read by at least two
people. If there was doubt about what the child had written (in about 20 of the
576 answers), the two readers settled on one answer after a discussion or asked a
third reader for an opinion in order to reach a final decision. The children's
answers were entered into a data file for computer analysis. Table 1 presents the
number correct for each problem and for each classroom. Overall, 375 of 576, or
65.1%, of the answers, were correct. The percentages correct were 41.3, 67.5, 74.5,
71.3, and 74.6 in classes 1a, 1b, 1c, 2a, and 2b respectively. No answers were
recorded in 31 instances. All of these occurred in class 1a, and there were 3, 3, 5,
5,7, and 8 answers left blank in problems 1 through 6 respectively.

Table 1. Number correct on addition test,
by problem (1-6) and by classroom
(1a, 1b, 1c, 2a, 2b)
(Number of children in each class who took the test in parentheses)

Problem number:

1 2 3 4 5 6 total

class:

la 13 10 8 10 6 5 52 or41.3%
21)

1b 19 18 14 11 13 10 85 or 67.5%
(21)

1c 14 17 13 13 10 9 76 or 74.5%
17)

2a 14 14 10 14 14 11 77 or71.3%
(18)

2b 18 15 16 9 17 10 85 or 74.6%
19)

Total 78 74 61 57 60 45 375 of 576 or 65.1%




Table 2. Number of problems correct on 6-problem addition test,
given by children in each class. (Scores are rank ordered)
Median in each class is starred.

Class:
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mean 2.48 4.05 4.47 4.28 4.72

Note: Classes 1a, 1b, and 1c are first grade; classes 2a and 2b are second grade.

Table 2 shows the number of problems that each child in each class
answered correctly, and the mean and median for each class. Within a class, the
scores in the table are rank-ordered. The data in Tables 1 and 2 show that the
scores in classes 1b, 1¢, 2a, and 2b are almost identical, and that class 1a scores
significantly (over 25%) lower. Further, at least two children in each class score
perfectly on the test, and at least five miss at most one problem.




Of the 576 possible answers, 170 (29.5%) contained errors, namely, the
answers children wrote did not match the correct answers. We wanted to
explain and classify these errors; this is the topic of the next section.

Method of error analysis: Keystroke and transcription errors.

When a child wrote an answer that did not match the correct answer given
on the calculator display, we wanted to determine what went wrong. All the
wrong answers given for each of the six problems, and how frequently they
occurred, are given in Tables 3 through 8. For each problem, we looked for two
kinds of errors: keystroke errors (errors in pressing keys) and transcription errors
(errors in reading the display or in copying from it).

We first looked for keystroke errors. The diagnosis of these errors for
each problem was based on a comparison of two procedures (two sequences of
keystrokes). The first procedure gives the correct answer to the problem, and the
second gives the actual answer written down by a child. The keystrokes in one
procedure were matched with those in the other in order to indicate the
mismatches. The wrong answer could then be attributed to one or more specific
mismatches.

We note that the tests were administered when we were not present, and
the actual keystrokes children made were not recorded in any way, so we do not
have information on what they really did while solving the problems. There are
many possible procedures which yield a given answer, but only some classes
were considered as candidates, as follows.

Our assumption was that a correct procedure was addend + addend + ... +
addend =, where addends could be entered in any order. So a correct procedure
for a problem with addends a, b, ¢, and d is [a] [+] [b] [+] [c] [+] [d] [=] . Note
that any procedure which gives the correct answer (such as
[al[+][b][=]{+][c][=][+][d][=], or [a][M+][b][M+][c][M+][d][M+][MRC]) cannot be
distinguished from the procedure we assumed.



We also considered only cases in which the calculator was cleared
between problems, or in which the last operation in the preceding problem was
[=], and in which the operation was [+]. If the actual keystroke sequence a child
pressed was different, e.g., if the child used [M+] and did not clear memory
between problems, or used [-], such an error was not detected at all and would
fall into our "not explained" category.

The second type of error we looked for was a transcription error, namely,
a error in reading the display or copying a number on the display to the paper.
For example, a 2 on the display might be written as a 5 by a child (or a 5 written
as a 2); or '83' on the display might be recorded as '38' by a child.

Diagnosing keystroke and transcription errors was done with the help of
an interactive program. All answers given for each of the six problems were
entered into the program. Tables 3 through 8 give our analyses of the six
problems. In the tables, D means deleted, I means inserted, and R means
replaced by. Hypothesized keystrokes or transcription errors take the form xD,
yI, xRy. So 12[3D]45[01]67[8R00]9 means that the sequence 123456789 changed
into 1245067009. When the correct answer is 20, and the child recorded 50, this is
indicated by [2R5]0, and counted as a transcription error. As another example,
consider problem 3 on the test. Its correct keystroke sequence is
[12][+1[9][+][40][+][77][=], giving the answer 138. One child recorded 205 (see
Table 5), which could be gotten as follows:

[1D]2 + 9+ 40+ 77 = [=]], whichis 2 + 9 + 40 + 77 = =. (Note that on the TI-108
calculator, the repetition of = adds an extra 77 at the end.)

The best way for the reader to become familiar with the errors is to follow
the keystrokes as indicated in Tables 3 through 8, preferably with a calculator in
hand. One should realize that the keystroke sequences given for the TI-108
calculator may give different answers when executed on other brands or models
of calculators.

A question mark by an answer in the tables means either that we cannot
explain what happened, or that, although we can find an explanation, we are less
sure that the pattern was actually given by a child.
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We were not able to explain 19 of the 170 wrong answers, or 11.2%. Table
9 shows in which problems, and in which classrooms the unexplained wrong
answers occurred. The actual wrong answers can also be found in Tables 3
through 8.

Table 9. Number of unexplained errors, by class and by problem
(See also Tables 3 through 8.)
Problem number:

1 2 3 4 5 6 total
class:
la 1 1 2 0 3 1 8
1b 2 1 0 2 0 1 6
1c 0 0] 0 0 0 2 2
2a 0 0 0 0 0 1 1
2b 0 0 1 0 0 1 2
total 3 2 3 2 3 6 19

Of the 151 wrong answers we could explain, we categorized them as
follows:
(1) a conceptual error: the child does not understand the process of addition.
Table 10 gives a description of the five types of conceptual errors and their
frequency. The number of these errors by problem and by classroom, is given in
Table 11. There were 22 such errors; they are marked 'C' in Tables 3 through 8.
(2) a perceptual error; this was a keystroke error in which, for example, a 3
would be replaced by an 8, or 12 would be replaced by 21. There were 17 such
errors, marked by P in Tables 3 through 8.
(3) atypographical error; this was most often an insertion or deletion of a digit
(a keystroke error) which was not judged to be perceptual. There were 110 such
errors; Table 12 lists them by problem and by classroom; and they are marked 'T'
in Tables 3 through 8.
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(4) atranscription error; this was an error in recording; for example, a 0 on the
display might be recorded as an 8, or a 5 as a 2. There were 21 transcription
errors, marked Tr in Tables 3 through 8.

Table 10. Hypothetical explanations of conceptual errors
(indicating the child does not understand the concept of addition)
in whole number addition with a calculator,
and number of instances of each error type.

1. 'Adding numbers' means writing them together (concatenating them).
Example: As an answer to problem 1 (to add 5, 8, 3, and 4), the child writes
5834. (See Table 3.)

Example: As an answer to problem 3 (to add 12, 9, 40, and 77), a child writes
7740912 (the plus is omitted, and the list is given bottom up). (See Table 5.)
Number of errors of this type: 10.

2. Treating single digits as separate numbers in multidigit numbers.
Example: In adding 13, 35, and 86 (problem 2, Table 4), a child writes 26:
[LI+[BI+HIBI+HISIL+I8I+ 6] =] display 26.

Number of errors of this type: 7.

3. (Similar to 2.) Breaking multidigit numbers into two or more not
necessecarily single digit numbers, and adding these newly created numbers.
(The child does not realize that numbers on a given line are single numbers.)
Example: Child writes 135 as answer to problem 4, with addends 2310, 906, 4,
and 5780.

[23][+][10][+}O1[+]l6][+]I41[+][5[+][78][=]  display 135.

Number of errors of this type: 2.

4. Concatenating digits in a column and treating them as a number.
Example: In adding 13, 35, and 86 (problem 2, Table 4), a child writes 494:
[138][+][356][=] display 494.

Number of errors of this type: 1.

5. Recording just one of the addends.
Example: In adding 12, 9, 40, and 77 (problem 3, Table 5), a child writes 9.
Number of errors of this type: 2.
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Table 11. Number of conceptual errors
(errors showing a lack of understanding),
by class and by problem
(See also Tables 3 through 8.)

Problem number:
1 2 3 4 5 6 total

class:

la 1 1 1 1 1 3 8
1b 0 0 0 0 2 0 2
1lc 0 1 1 0 1 1 4
2a 0 1 1 2 0 1 5
2b 0 0 1 1 1 0 3
total 1 3 4 4 5 5 22

Table 12. Number of typographical errors, by class and by problem

Problem number:
1 2 3 4 5 6 total

class:

la 1 4 5 3 4 3 22
1b 0 1 6 6 6 7 26
1c 2 1 3 4 5 4 19
2a 4 1 7 2 4 4 22
2b 1 2 1 7 2 8 21
total 8 9 22 24 21 26 110
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Some wrong answers contained two types of errors (e.g., perceptual and
typographical, or typographical and transcription), so the number of errors is
greater than the number of wrong answers.

The data show that class 1a scored lowest on all but two measures; it was
lowest on percentage correct (41.3%), number of answers left blank (31; no other
class left any blank); errors we were not able to explain (8, or 42.1%). conceptual
errors (8, or 36.4%). and transcription errors (8, or 38%). The other first grade
class, 1b, made the most typographical errors (26, or 23.6%; class 1a made 22, or
20%). Class 1b also made the most perceptual errors (mostly reversals of
keystrokes): 7 of 17, or 41.2%; class 1a made 4, or 23.5%. We do not know why
the performance of class 1a was lowest overall; it may be that the teacher did not
have enough time to give the test, and so rushed the children (as evidenced by
the 31 problems they left blank). Or the difficulty could be associated with the
fact that it was the teacher's first year to teach, while the other four teachers were
more experienced.

Classes 1b, 1c, 2a, and 2b are very similar in percentage correct and in
error patterns (see Tables 1, 2, 9, 10, and 11). First graders with experienced
teachers do not make more conceptual errors than second graders. We have no
evidence of a significant difference in performance among the four classes.

There were also no differences in scores for problems presented vertically
(numbers 1 through 4) vs. horizontally (numbers 5 and 6) on the test. This result
contrasts to results found when children do computations without calculators.
Baroody (1987, p. 227) states that children, especially those with learning
difficulties, who are working without calculators, may use procedures correctly
only when problems are in a familiar form (e.g., column addition), and not on
novel assignments (e.g., horizontal addition).

The number of keystrokes required for a problem was related to the
percentage correct. Keystrokes required were 8,9, 11, 16, 12, and 22 for problems
1 through 6 respectively. The percentage correct for each problem is rather
closely predicted by the formula p = [20/ (n+16)]*100, where n is the number of
keystrokes required for the problem. Table 13 gives the predicted and actual
percentages correct for the six problems. If this formula would hold for larger
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numbers of keystrokes, it would indicate that the chance of a correct answer is
inversely proportional to the number of keystrokes in the calculation.

Table 13. Predicted and actual percentage correct on the six problems,
for the four classes 1b, 1¢, 2a, and 2b (class 1a is omitted).
Predicted value is computed as [20/ (n+16)]*100,
where n = number of keystrokes in the problem.

problem number of percentage predicted
number keystrokes correct percentage correct
1 8 86.7% 83%
2 9 85.3% 80%
3 11 70.7% 74.1%
4 16 62.7% 62.5%
5 12 72% 71.4%
6 22 53.3% 52.6%

Of the 170 incorrect answers given on the test, 143 were different. Of these
143, we could give a fairly straightforward and simple explanation for 132 of
them, or 92.3%. The advantage of our error analysis is that, looking at a child's
incorrect answer, we can explain in nearly all cases how the error was created.
While it is not the objective of this paper, the technique can give an individual
diagnostic and the basis for personalized remediation. (Each error can be
analyzed individually, and the pattern of errors for a child can be observed.) For
example, a second grade child gave the following answers to the six problems:
(1) 20, (2) 134, (3) 138, (4) 900, (5) 78, (6) 3468375.
The child answered problems 1, 2, 3, and 5 correctly.
9000 is the correct answer for problem 4, and the child recorded 900, omitting a 0
from the answer (a transcription error).
For problem 6, the correct answer is 3576375. We think the child's answer came
about as follows:
975310 + 2481056 + 1200[0D]9 = display: 3468375
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Again the child omitted a 0, but this time it was a typographical error rather than
a transcription error. That the child sometimes omits 0 in reading and recording
can provide a basis for remediation.

Let us compare the diagnostic capability of a four-alternative multiple
choice test. In this case, there are only three wrong answers possible, and
therefore the information about what error the child actually made is extremely
limited. A simple application of information theory (Shannon, 1949; Goldie &
Pinch, 1991) indicates that an answer on a four-alternative multiple choice test
provides only at most two bits of information, whereas a number n, written
freely, provides log, (n) bits (the number of digits when the number n is written
in base 2, or binary form). So, for example, in problem 4 (Table 6), when most
answers are in the range of several thousand, each answer provides more than 10
bits of information (log,(1000)), which is five times as much as a four-alternative

forced choice test could provide.

This research has uncovered four interesting findings:
(1) For rather complex whole number addition, first and second graders with
experienced teachers performed equally well. (A first grade class with a first
year teacher performed significantly poorer than all others on almost all
measures.)
(2) A fairly straightforward analysis gave a hypothetical explanation for 151 (out
of 170) wrong answers that children gave.
(3) Only 22 out of the 151 explainable wrong answers were conceptual, meaning
that the child showed a lack of understanding of addition.
(4) With calculators, children in the early elementary grades are able to perform
successfully arithmetical calculations that are beyond their hand computation
ability.

Our findings are not the same as those of Brown and vanLehn (Brown &
VanLehn, 1980; VanLehn, 1982) for hand calculations in multidigit subtraction.
For the most part, they claimed that their children were correctly executing an
incorrect procedure. Using their terminology (e.g. vanLehn, 1980, p. 12) our
students are mostly making "slips" (they know the correct procedure but make
small errors in it), and not "bugs," perturbations indicating the procedure is
incorrect. We also think their children had harder (more stable) errors, while
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children in our study were making soft (unstable) errors; our children had not
been drilled. Further, the kinds of errors found in hand computation ( e.g. the
bug of 'smaller from larger' in subtraction; or alignment difficulties resulting in
incorrect positioning of digits in addition) are not found when calculators are
used.

While analysis of errors made in hand calculation is fairly well established
in the literature (e.g., Brown et al, 1980; VanLehn, 1982; vandeWalle, 1990, p.
164), analysis of errors made in calculator computation is new. Our rather simple
error analysis was able to account for almost 89% of the errors children actually
made (151 of 170). We suggest that, when calculators are used on standardized
tests, a more informative approach about the processes children follow would be
for children to write their answers, rather than selecting from four predetermined
answers, and then to subject their answers to an analysis such as ours. In this
way, an individual diagnostic and plan for remediation could be provided.
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